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ABSTRACT 


Membrane suspensions were prepared from stationary-phase cells 
of Micrococcus sodonensis and were capabie of carrying out transglycos- 
idation when supplied with UDP-MurNAc-pentapeptide, UDP-GlcNAc, and 
appropriate cofactors. The peptidoglycan produced in these assay systems 
could be completely digested by lysozyme, but was uncrosslinked as 
determined by its insensitivity to cephaloridine and the absence of 
release of free alanine. The peptidoglycan product was non-homogenecus 


' 


and consisted of 76 percent "soluble" and 24 percent “insolubie" material. 


"Soluble" peptidoglycan was primarily of small molecular weight 
although some large molecular weight material was present. ''Insoluble" 
peptidoglycan was found to be "inscluble" by virtue of its non-covalent 
attachment to membrane fregments, since it could be solubilized by 
butanol extraction. This material consisted of approximately equal 
amounts of large and small molecular weight species. Molecular uadene 
determinations on ''soluble" in vitro synthesized peptidoglycan indicated 
that the small molecular weight material (20,000 daltons) consisted of 
uniform linear glycan strands made up of about 20 disaccharide -peptide 
units, while the large molecular weight material (70,000-130,000 daltons) 
was a mixture of glycan strands ranging from 74 to greater than 130 
disaccharide-peptide units in length. 

Stationary-phase membrane suspensions also contained a pyro- 
phosphatase activity which was expressed only when UDP-GlcNAc was omitted 


from the transglycosidase reaction mixture. This enzyme degraded the 


elevated levels of lipid linked-P-P-MurNAc-pentapeptide which accumulated 
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when peptidoglycan biosynthesis was interrupted. The products of this 
enzyme are MurNAc-pentapeptide and UMP. 

Neither transglycosidase nor pyrophosphatase activities could 
be solubilized except to a limited degree. 

Membrane suspensions prepared from exponential-phase cells 
of M. sodonensis contained not only transglycosidase and pyrophosphatase 
activities, but also a third enzymatic activity, an N-acetylmuramyl- 

L alanine amidase which hydrolysed the substituent pentapeptide from 

in vitro synthesized peptidoglycan but would not degrade peptidoglycan 
precursors (UDP-MurNAc-pentapeptide or MurNAc-pentapeptide) or products 
of lysozyme digestion of peptidoglycan (di-and tetrasaccharide-peptides). 
It would degrade both large and small molecular weight fractions of 

in vitro synthesized peptidoglycan as well as in vivo synthesized 
peptidoglycan contained in purified cell wall preparations. 

The amidase activity was also demelstrabke as present in large 
amounts in the cell wall fraction of exponential-phase cells but in spite 
of this, the enzyme did not appear to be autolytic in the intact cell. 
Amidase activity could be readily solubilized from beth the cell membrane 
and cell wall preparations by LiCl extraction. Gel filtration analyses 
of cell wall and cell membrane derived amidases indicated both to have 


a molecular weight greater than 150,000 daltons. 
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INTRODUCTION 


The chemical composition of bacterial cell walls together with 
the biosynthetic mechanisms responsible for their synthesis have been 
undergoing intensive investigation for the past twenty years. Cell 
walls are the essential structural components of bacterial cells which 
function in the maintenence of cellular integrity in hypotonic environments. 
Peptidoglycan is the component cf the cell wall which imparts strength 
and rigidity to the structure. Cell wale of Gram-positive organisms 
have very thick peptidoglycan layers comprising 50 to 90 percent of the dry 
weight of the wall and are capable of containing intracellular osmotic 
pressures as high as 25 atmospheres in some cases (Mitchell and Moyle, 
1956). Cell walls of Gram-negative organisms characteristically have 
less peptidoglycan (5 to 15 percent of the dry weight of the wall) and 
are correspondingly weaker than their Gram-positive counterparts, sustaining 
maximum intracellular osmctic pressures of only 5 to 6 atmospheres | 
(Mandelstam, 1962). 

Non-peptidoglycan components of Gram-positive cell walis typically 
consist of techoic acids and polysaccharides as well as small amounts of 
protein and lipid. The exact organization of these non-peptidoglycan 
components within the cell wall is not known. The Gram-positive cell 
wall appears homogeneous and undifferentiated upon electron microscopic 
examination. In some organisms, techoic acids are known to be synthesized 
in close proximity to peptidoglycan and the two polymers are covalently 
crosslinked at the time of synthesis (Glaser, 1973). These techoic acids 
would be interspersed throughout the cell wail. Some polysaccharides 


are also covalently attached to the peptidoglycan, but in other instances 
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where covalent attachment does not exist the polysaccharides are still 
integrated enreeenout the cell wall and can not be removed except by 
enzymatic degradation of the peptidoglycan network (Johnson, 1971). 

Both techoic acids and polysaccharides frequently contribute to the anti- 
genicity of the bacterial cell and as such they must exist at and may 
possibly predominate at the external surface of the cell wall (Johnson, 
1971; Braatz and Heath, 1974). Gram-negative cell walls are more complex 
than Gram-positive cell walls, giving a layered appearance upon electron 
microscopic observation. In addition to the thin band of peptidoglycan 
which lies adjacent to the cell membrane, the walls also contain high 
levels of lipid in the form of lipoprotein and lipopolysaccharide. The 
outer double track layer, characteristic of Gram-negative cell walls, is 

a membrane-like structure composed of lipopolysaccharide. This outer 
double track layer provides some structural support for the cell, but 

it also forms a partial permeability barrier which results in the decreased 
sensitivity of these cells to many antibiotics and peptidoglycan degrading 
enzymes (Tseng and Bryan, 1974). 

Since the cell wall is a necessary structural component for all 
bacteria with the exception of Mycoplasma, L-forms, and some halophiles, 
and because there is no eucaryotic system which contains peptidoglycan, 
antibiotics which prevent cell wall formation by interrupting peptido- 
glycan synthesis have become valuable chemotherapeutic agents. Elucidating 
the mechanisms of action of these antibiotics first required a full 
understanding of the bi ebns of reactions involved in normal peptido- 
glycan biosynthesis. One approach to this problem involved the isolation 


and chemical characterization of cell walls from a wide range of organisms. 
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This first became possible in 1951 when Salton and Horne described a 
technique for isolating bacterial cell walls (Salton and Horne, 1951). 
After extensive purification to remove contaminating cellular material 

the peptidoglycan composition of the cell wall preparation was determined 
using a variety of specific chemical assays. Arrangement of the constituent 
hexosamine and amino acid residues was then determined either by partial 
acid hydrolysis, or by enzymatic degradation using cell wall lytic enzymes 
of known specificities (Schleifer and Kandler, 1967; Ghuysen, 1968). 

Cell wall structure has been so widely studied by these techniques that 

it is now proposed as a taxonomic criterion for classifying and identifying 
unknown microorganisms (Schleifer and Kandler, 1972}. Possible sources 

of error in such an approach have been pointed out by the findings that 
while peptidoglycan structures do appear to be species specific, they 

can change both in chemical composition and in physical arrangement when 
exposed to changes in the growth medium (Johnson and Campbell, 1972; 

Hammes et al., 1973; Hilderman and Riggs, 1973). 

The elucidation of peptidoglycan structures for a range of 
microorganisms indicated that certain aspects of the structure are universal 
while other characteristics differ markedly from one species to another. 

All peptidoglycan types consisted of a linear glycan backbone made up 

of repeating sequences of N-acetylmuramic acid and N-acetylglucosamine 
residues. The average length of these glycan strands differed from one 
organism to another but lengths in the range of 6 to 12 disaccharide units 
were typically found (Ward, 1973; Higgins and Shockman, 1971). The muramic 
acid residues of glycan chains carried short substituent peptides containing 


4 or 5 amino acids of both D and L configurations. Adjacent peptidoglycan 
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strands were joined together by means of these substituent peptides. 
The linkage could be direct or it could involve the intervention of a 
crossbridging peptide which in turn joined the two substituent peptides. 
It was the amino acid composition of these substituent and crossbridging 
peptides which gave rise to inter-species differences (Ghuysen, 1968; 
Petit et al., 1966; Munoz et al., 1966). The uniformity of the basic 
peptidoglycan structure suggested that a common mechanism of formation 
might exist for all bacterial species with minor variations resulting in 
different peptide compositions and modes of crossbridging. 

The study of the biosynthesis of peptidoglycan was initiated 
by the work of Park who discovered the presence of an intracellular complex 
uridine nucleotide containing N-acetylmuramic acid and five amino acids 
(Park, 1952a; 1952b; 1952c). This compound, UDP-N-acetylmuramic acid- 
pentapeptide (UDP-MurNAc-pentapeptide) accumulated in Staphylococcus aureus 
when exposed to growth inhibitory concentrations of penicillin. The 
amino acids formed a pentapeptide with a sequence of L alanyl-D isoglutamyi- 
L lysyl-D alanyl-D alanine, which was joined to the N-acetylmuramic acid 
residue by a muramyl-L alanine amide linkage. The accumulation of this 
compound was correctly assumed to be related to the inhibition of peptido- 
glycan biosynthesis since the sugar-peptide portion of the nucleotide 
so closely resembled a portion of the peptidoglycan structure. On this 
basis, peptidoglycan biosynthesis was postulated to be analogous to 
extracellular polysaccharide biosynthesis which takes place by transfer 
of monosaccharides from nucleotide diphosphate donor molecules (Leloir, 
1965). Peptidoglycan biosynthesis appeared to involve the assembly of 


preformed sugar-peptide subunits which were synthesized intracellularly. 
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The synthetic steps leading up to the formation of UDP-MurNAc- 
pentapeptide are mediated by soluble, intracellular enzymes, and as 
such they were amenable to conventional methods investigation. D cycloserine, 
an antibiotic which interrupts the synthesis of UDP-MurNAc-pentapeptide, 
made possible the individual study of some of the synthetic steps involved. 
D cycloserine is believed to competitively inhibit alanine racemase, the 
enzyme needed to produce D alanine, and D alanyl-D alanine synthetase, the 


enzyme which forms the C terminal dipeptide. Both enzymes are affected 


presumably because of a conformational similarity between D cycloserine 

and the normal substrates (Strominger et al., 1959; 1967). UDP-MurNAc- 

pentapeptide was first successfully synthesized in vitro using crude enzyme 

extracts from S. aureus and more recently from Escherichia coli and Bacillus 

subtilis (Ito and Strominger, 1964; Ito et al., 1966; Lugtenberg, 1972; 

Egan et al., 1973). The peptide portion of the precursor prepared from 

the latter two organisms has diaminopimelic acid replacing lysine, a 

difference reflected in the peptidoglycan structures of the organisms. 
Alternative in vivo methods for producing UDP-MurNAc-pentapeptide 

include the exposure of cells to growth inhibitory concentrations of 

vancomycin. Vancomycin, like penicillin, prevents peptidoglycan biosyn- 

thesis, but vancomycin inhibits at an earlier step in the synthetic sequence 

and as a result UDP-MurNAc-pentapeptide can be accumulated in a wide range 

of species, some of which do not respond to penicillin (Lugtenberg et al., 

1971). The most successful method of promoting intracellular accumulation 

of UDP-MurNAc-pentapeptide relies on the deprivation of divalent cations 

by means of a chelating agent. All of the membrane bound and extracellular 


steps of peptidoglycan biosynthesis have an absolute requirement for 
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2+ eee B ; ; 
Mg and can not proceed in its absence. Since this method is not depen- 


dent on the sensitivity of a given organism to an antibiotic, it is 
effective for an even wider range of species (Garrett, 1969). 

Examining the conversion of UDP-MurNAc-pentapeptide to 
peptidoglycan was a much more complex problem than examining its synthesis. 
It involved following the passage of this precursor through the membrane 
and its assembly and organization into a complex insoluble structure. 

The enzymes mediating these reactions are particulate and not exposed 

to normal intraceilular control and regulatory mechanisms. Detailed 
analysis of these later steps of peptidoglycan biosynthesis became possible 
with the development of an in vitro assay system from S. aureus capable 

of synthesizing peptidoglycan (Meadow et al., 1964; Chatterjee and Park, 
1964). UDP-MurNAc-pentapeptide was an essential substrate for this in 
vitro system but synthesis of peptidoglycan was also dependent on the 
simultaneous addition of UDP-N-acetylglucosamine (UDP-GlcNAc). Controlled 
production of the UDP-MurNAc-pentapeptide precursor allowed incorporation 
of specific, radioactively labelled components, making the in vitro assay 
systems more sensitive and convenient to use. In each case the UDP-MurNAc- 
pentapeptide was prepared from the same or a related organism used to 
produce the particulate enzymes. nis ensured that the substituent peptide 
composition of the nucleotide precursor corresponded with the specificity 
of the enzymes involved. Modified peptide sequences which do not occur 
naturally have been prepared abiotically by solid phase synthesis (Nieto 
and Perkins, 1971). These synthetic compounds can serve as substrates 

or inhibitors in some in vitro assay systems. 


As well as the appropriate substrates, in vitro assay systems 
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also required a source of the particulate enzymes involved in peptido- 
glycan biosynthesis. A suspension of isolated membrane fragments has 
most commonly been used but the peptidoglycan synthesizing ability of 
these membrane fragments was found to be strongly influenced by the 
method of cell breakage used in preparation of the membranes. Grinding 
whole cells with alumina in a mortar and pestle was successfully used to 
prepare membrane suspensions capable of synthesizing peptidoglycan from 
S. aureus and Micrococcus lysedeikticus (Anderson et al., 1965; 1967). 
When membranes were prepared from cells broken by ultrasonic vibration 

or by shaking with glass beads, the resulting membrane fragments could 
not synthesize peptidoglycan unless the in vitro assay system was supple- 
mented with pieces of fiiter paper (Chatterjee and Park, 1964; Anderson 
et al., 1965). The paper fibers provided an insoluble matrix which helped 
organize the particulate enzymes into an active arrangement. Grinding 

or shaking whole ceils with plastic beads also resulted in celi breakage 
but the membrane fragments were able to synthesize peptidoglycan without 
the filter paper support (Lugtenberg et al., 1971). 

Peptidoglycan synthesized by a membrane based in vitro system 
from S. aureus is a linear, uncrosslinked glycan polymer bearing substituent 
peptides which retain all of the amino acids present in the nucleotide 
precursor. Incorporation of GlcNAc and MurNAc-pentapeptide into peptido~ 
glycan also results in the release of equimolar amounts of UDP, UMP, and 
inorganic phosphate (Park and Chatterjee, 1966). The first recognizable 
step of in vitro peptidoglycan biosynthesis involves the transfer of 
phospho-MurNAc-pentapeptide from the nucleotide precursor to a membrane 


bound phospholipid which serves as a carrier for transporting disaccharide- 


wai acael® ne shag ta 


st La e 7 
wrgiaed, arte ets rest Gli eS ‘ _savesniiignt 
‘ PN oe . 
es reertars ots Baia ha dren ADM ae : 
@ 
: F 
~. Ke y . « i . is inate 
t= 4 w! i Pay 0 bi M4 fi WV?) sal 
| aaa i bight pad: 1 lh 
2 orn rd 4 C h 3 ” 
A 7 is fi = 
r "i Te tdi ee wl if 
. aac ah Ne Coe UE id ‘abouts ties a " 
ye a . v i + r- 3 , _ ; if 
a / a eS “4 & ef aA veal qe me > pai te Fé all 
t = 25 a "Ss aah 7 
Pade d Pld, Suet | BS i re: ee: sails 
: Hy $2 ease epost Ag teee lana ae 
i NP or. Wie pe e a 
- + , - ft 
_ fiber adore.” sauder Boal al’ edit) eee "pepe ese, gut blister ; 
¥ i vi ss 4 i ate = A’ E ; } : 
i ) x) i 
a b , i its) eae te +4 
ai BO ieee 7. A ie ig aN 
t » , * 
Pad 5 a oe = oat M SS eres ¥ \ L ee) ae v as te , we ne Hie bel 
| ; ; rz ts eh Ya. * Pay Lae 
a a tig : Pca’ teh ‘< he - SSS a 4 oe ae oe n fists ve. & . 
$ J ° rf y i <g - 3 . rs : a 4% : % . ‘ 
ten 


(RS aati At ite bt ART be vibes saya ohne 


. . red 
vd a 7 olin a | : 
‘ : os 4 - ‘a 5 - 
Peat ts : 2 os 2 aw 


Ges 


pentapeptide subunits across the membrane. UMP is released at this stage 
Anderson et al, 1965; 1967). This\carrier lipid was identified’ as a 

Ces isoprenoid alcohol, undecaprenol, which is active in the monophosphate 
form (Higashi et al., 1967). The phospho-MurNAc-pentapeptide becomes 
attached to the phosphate residue in the carrier lipid forming a pyro- 
phosphate bond. Omitting UDP-GlcNAc from the in vitro assay system 
completely prevents peptidoglycan biosynthesis but formation of the MurNAc- 
pentapeptide bound carrier lipid intermediate can still take place. 
Bacitracin is an antibiotic which interrupts peptidoglycan biosynthesis by 
preventing the formation of carrier lipid linked precursors. Bacitracin 


and fac together form a complex with C isoprenyl pyrophosphate, the 


cy) 
inactive form of the carrier lipid. The phosphatase which normally re- 


generates C isoprenyl pyrophosphate back to the active monophosphate 


55 

form cannot attack the complex (Stone and Strominger, 1971; 1972; 

senechterset aly, 19/2), sincévearrier Tipidseare present “in limited 

amounts and require regeneration after each cycle of peptidoglycan biosyn- 

thesis, bacitracin rapidly depletes the supply of active carrier lipid molecules. 
The second step of peptidoglycan biosynthesis involves the transfer 

of GlcNAc to the carrier lipid bound MurNAc-pentapeptide with the release 

of UDP. A 8-1, 4-glycosidic Linkage joins the GlcNAc residue to the MurNAc 

residue to form the completed disaccharide-pentapeptide subunit which 

is still bound to the carrier lipid by the original pyrophosphate bond. 

GlcNAc cannot be transferred from UDP-GlcNAc to the carrier lipid without 

the prior attachment of MurNAc-pentapeptide. Modification of the substituent 

peptide portion of the disaccharide-pentapeptide-P-P-phospholipid inter- 


mediates take place at this stage in vivo. These modifications can also 
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be produced in vitro by making additions to the reaction mixtures. In 

M. lysodeikticus, the substituent peptide is modified by the addition of a 
glycine residue to the free a carboxyl group of glutamic acid in a reaction 
requiring ATP (Katz et al., 1967). The formation of crossbridging 
peptides can also take place at this stage. S. aureus has a crossbridging 
peptide consisting of five glycine residues attached to the free e€ amino 
group of lysine. These glycine residues are incorporated by a mechanism 
totally different from the ATP dependent mechanism of M. lysodeikticus. 

In S. aureus, glycine is activated as glycyl-tRNA and then transferred to 
the intermediate without the participation of ATP. The glycine specific 
tRNA involved is distinct from the tRNA used in protein synthesis and is 
specific for peptidoglycan synthesis (Matsuhashi et al., 1967). 

Once modified, the disaccharide-peptide subunit is transferred 
to a growing peptidoglycan chain from the lipid intermediate. Vancomycin 
and ristocetin are functionally related antibiotics which interrupt 
peptidoglycan biosynthesis by inhibiting the transfer of disaccharide- 
peptide subunits from the carrier lipid to the growing peptidoglycan 
strand. This inhibition makes it possible to study the formation and 
utilization of lipid intermediates separately from the rest of the 
reactions involved in peptidoglycan synthesis (Bordet and Perkins, 1970; 
Lugtenberg et al., 1971). The accumulation of lipid intermediates which 
occurs in some systems upon exposure to vancomycin and ristocetin also 
facilitates their large scale production for purification and analysis. 
The mode of action of these antibiotics is not yet known but they apparently 
have a high affinity for the D alanyl-D alanine residues of the lipid 


linked disaccharide peptides (Bordet and Perkins, 1979). 
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The endogenous acceptor for the disaccharide-pentapeptide 
subunit was initially considered to be a growing point in the cell wall 
peptidoglycan (Strominger et al., 1967; Higgins and Shockman, 1971). 
Studies on the direction of peptidoglycan synthesis have indicated that 
peptidoglycan strands elongate at their reducing ends while remaining 
attached to the lipid intermediate (Ward and Perkins, 1973). Most 
peptidoglycan (70 percent) is synthesized as complete linear glycan 
strands at the membrane and then the entire strands are incorporated 
into pre-existing cell well material by crossbridging. Only 30 percent 
of newly synthesized peptidoglycan is incorporated directly into the 
pre-existing cell wall by transglycosidation (Mirelman and Sharon, 1972; 
Mirelman et ai., 1972). This newer theory eliminates the need for a 
peptidoglycan "acceptor", and requires only that the "acceptor" be a 
glycan chain still attached to a lipid intermediate. Thus, the "acceptor" 
could conceivably be as small as another molecule of disaccharide- 
pentapeptide-P-P-carrier lipid. Peptidoglycan biosynthesis therefore 
proceeds by a mechanism analogous to that of O antigen biosynthesis in the 
outer membrane of the Gram-negative cell wall (Bray and Rebbins, 1967). 

Transpeptidation, the final reaction of peptidoglycan biosynthesis, 
frequently cannot be demonstrated in cell free systems now in use. This 
is especially true for the Gram-positive cocci which have complex 
peptidoglycan structures involving crossbridging peptides. Systems from 
Gram-negative organisms or Gram-positive bacilli more often contain 
measureable transpeptidase activity. Transpeptidation in these organisms 
with simpler peptidoglycan structures involves formation of a direct 


crossbridge between the dibasic amino acid, usually diaminopimelic acid, 
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of one substituent peptide and the penultimate D alanine residue on a 
substituent peptide of an adjacent peptidoglycan strand. The formation of 
this peptide bond results in the release of the terminal D alanine residue. 
Energy necessary Eoideive the reaction in the forward direction is believed 
to come from this bond cleavage since the reaction is extracellular and 
removed from an endogenous supply of ATP (Tipper and Strominger, 1965). 

For organisms with more complex peptidoglycan structures, where 
crossbridging peptides link adjacent strands together, the transpeptidation 
reaction is essentially the same. In these cases the bridge peptide is 
attached to the dibasic amino acid residue of the substituent peptide 
before transpeptidation occurs. Most commonly these additions are made 
while the disaccharide peptide subunits are still attached to the carrier 
lipids. Transpeptidation then involves the formation of a peptide bond 
between the NE, terminal amino acid of the bridge peptide and the 
penultimate D alanine residue in an adjacent substituent peptide. The 
terminal D alanine residue is again lost. Formation and addition of 
bridge peptides can be demonstrated in vitro so the defect in transpep- 
tidation for these systems must lie in the final bridge closing step. 

Transpeptidation was first detected in vitro using membrane 
fragments prepared from E. coli (Araki et al., 1966a; 1966b; Izaki et al., 
1968). Transpeptidation has subsequently been detected in cell free 
preparations from Bacillus megaterium and Streptomyces R39, both of which 
have peptidoglycan structures similar to that of E. coli (Wickus and 
Strominger, 1972a; 1972b; Ghuysen et al., 1973). For Gram-positive 
organisms with complex peptidoglycan structures, transpeptidation has never 


been achieved in in vitro systems when membrane fragments were used as 


aes 


“ ow ati es ‘legend 


: en vey Oa es ee ne > te ah , 
id 7 List J oe] da haven ae ‘= 
: Pa as : cue a. wy ts ree 
” A « rae | a id * - 
Bias ial eat 3 aid a ae (i anol eee Pd” gd mos 


eer : oa ene ‘ey! Berka tis > ae ae 
as , ee eer " ' May FP a teass vay f 


sbPieew dni 


a 
ral El 


lin Sa 


_ 
"s "7 


== 


a source of enzymes. Cell wall suspensions with associated membranous 
material have been successfully used to demonstrate in vitro transpeptidation 
for S. aureus and M. luteus (lysodeikticus) (Mirelman and Sharon, 1972; 
Mirelman et al., 1972). In these systems a penicillin-sensitive transpep- 
tidase activity was demonstrated, but the synthesis of linear peptidoglycan 
was also somewhat sensitive to penicillin. Linear peptidoglycan synthesis 
was postulated to be blocked because the growing peptidoglycan strands 
remained attached to the membrane carrier lipids. Penicillin inhibited 

the transpeptidation reaction necessary to incorporate these completed 
strands into the cell wall. As a result, all the carrier lipid sites 

became saturated with completed peptidoglycan strands. In cell free systems 


from S. aureus and M. lysodeikticus where membrane fragments served as a 


source of enzymes, transpeptidation and linear peptidoglycan biosynthesi 
were not so closely coupled (Anderson et al., 1967). Even though trans- 
peptidation did not occur, linear peptidoglycan was synthesized with the 
completed strands presumably being released free into the medium rather 
than incorporated into cell walls. 

M. lysodeikticus and related Mienecue ees have a complex 
peptidoglycan structure which contains unusual bridge peptides (Ghuysen 
et al., 1968; Johnson and Campbell, 1972). Unlike most peptidoglycan the 
bridge peptides are not simple structures made up of one or two types of 
amino acids nor are the bridge peptides added on at the level of the 
membrane bound lipid intermediates. The bridge peptides of these organisms 
are made up of a number of substituent peptides linked together "head to 
tail", Peptidoglycan biosynthesis in in vitro systems derived from these 


organisms results in the formation of uncrossbridged peptidoglycan molecules 
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with each muramic acid residue bearing a substituent peptide. Crossbridge 
formation or assembly must therefore take place after linear peptidoglycan 
has been formed but before or during transpeptidation. A biosynthetic 
mechanism involving simultaneous amidase and transpeptidase reactions 

has been postulated to account for the "head to tail" assembly of these 
substituent peptides (Ghuysen, 1968; Schleifer and Kandler, 1967). The 
proposed sequence of events is as follows: two substitutent peptides 

(A and B) on adjacent peptidoglycan strands are joined together by 
transpeptidation to form a direct crosslinkage. An N-acetylmuramyl-L 
alanine amidase then ends this temporary crosslinkage by breaking the 
muramyl-L alanyl amide bond which held substitutent peptide B to the 
glycan backbone. Substituent peptide B remains attached to substituent 
peptide A and now becomes the first segment of the bridge peptide. 

A second transpeptidation then occurs joining a third substituent peptide 
(C), on another adjacent glycan strand, to the free N terminal L alanine 
residue of bridge peptide B. Glycan strands A and C are now crossbridged 
until an amidase attacks substituent peptide C and causes the whole sequence 
to be repeated. The cycle continues until a crossbridge with several 
subunit peptides has been built up. This sequence requires that complete 
biosynthetic systems contain an amidase as well as 2 or more transpeptidase 
activities. One transpeptidase activity is required to form the L lysyl-D 
alanyl bond which initially crosslinks substituent peptides A and B. The 
second transpeptidase activity is required to form the L alanyl-D alanyl 
bonds which join the bridge peptides together “head to tail" during 
bridge elongation. Final bridge closure also involves the formation of 


an L alanyl-D alanyl bond. These two or three transpeptidase activities 
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may indicate that more than one transpeptidase enzyme exists, or that 

one enzyme with two or more specificities mediates all transpeptidation 
reactions. Membrane-based cell free systems from M. lysodeikticus. show 

no evidence of either amidase or transpeptidase activity (Anderson, 19673; 
Bordet and Perkins, 1970). Cell wall based in vitro systems demonstrated 
transpeptidase activity by the penicillin-sensitive release of D alanine 
together with incorporation of labelled MurNAc-pentapeptide into cell wall 
material. Amidase activity was detected indirectly by finding segments 

of newly synthesized peptidoglycan containing only the repeating disaccharide 
glycan backbone with no substituent peptides. Since UDP-MurNAc cannot 
serve as a substrate for peptidoglycan synthesis, the unsubstituted regions 
were assumed to arise due to amidase activity (Mirelman et al., 1972). 

The amidase-transpeptidase theory of crossbridge formation 
accounts for the "head to tail'' assembly of substituent peptides into 
crossbridges. Control over the length of crossbridging peptides and the 
degree of crosslinkage could be exercised by regulating the relative 
activities of the transpeptidase and amidase systems. The structure of the 
peptidoglycan of M. sodonensis has been shown to vary considerably with 
changing growth conditions. Peptidoglycan isolated from cells grown in 
complex media had relatively short crossbridges made up of 1 to 8 
substituent peptides. Cells grown on a basal-salts medium had much longer 
crossbridging peptides ranging from 1 to 18 subunits in length (Johnson 
and Campbell, 1972). 

Penicillin and related 8 lactam antibiotics function by 
inhibiting transpeptidation (Tipper and Strominger, 1965; Strominger et al., 


1967). The uncrossbridged peptidoglycan which is synthesized in their 
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presence cannot provide adequate osmotic support and cellular lysis 
results. Penicillin has been an invaluable aid for determining the 
presence or absence of a functioning transpeptidase in cell free systems. 
Penicillin sensitive release of D alanine when accompanied by the incor- 
poration of in vitro synthesized peptidoglycan into pre-existing cell wall 
material has become a major criterion for eee transpeptidase 
activity (Izaki et al., 1968; Mirelman and Sharon, 1972). 

A consideration of peptidoglycan biosynthesis generally centers 
around those reactions mentioned above which are responsible for the 
primary synthesis of the peptidoglycan network. A second group of enzymes 
referred to as autolysins degrade peptidoglycan and can cause cell lysis 
under certain circumstances. These enzymes were originaliy thought 
to mediate self-destructive processes. More recent evidence indicates 
these enzymes are frequently associated with regulation of peptidoglycan 
synthesis or modification of peptidoglycan structure (Rogers, 1970). 
Autolysins have been found in several species and likely function in vivo 
in all species even in those in which in vitro demonstration has been 
unsuccessful. Controlled lytic activity results in peptidoglycan 
turnover at rates as high as 30 percent per generation for some species 
making cell wall alteration a rapid process (Chan and Glaser, 1972; 
Glaser, 1973). Controlled lytic activity is also necessary to allow 
insertion of new material at growing points and to allow cell separation 
following cell division. 

Many organisms contain one or more strongly lytic enzymes which 
will cause rapid lysis of whole cells or isolated cell walls under conditions 


of unbalanced growth. Streptococcus faecalis produces a single autolysin, 


’ cs Res 
— | ee 1 « ig 
i ieay.. eee 3 
: Aa = 
ae 
- 7 ; ; 2 tr | r we } 
ae 5 ea mal rare hy 
= i ar ig red Cory ns NICAL! (Se Ri Cer Sy Ae | MW riethad 
; NI. ¥ @ 7 


MRR fe ae oh 1 f4orie B40 oiled “0 
S = Pe = agics ) 7 1. = ad (oy. od Lipase ad) ® 
7 . be Ns = a a | P ; rs 
a 
eo watt ; niki : aituad ai 4 
? a om ‘ ” & 
z | > art P at aC a ity 


. RPT ehh ey iit eath des Bain cua A, 


4 z - 4 “4 ¢f = ' ‘ rel . ease wera? at de i 


P 4 ~ ¥ hy 
Ce Sa A a nce ie a iy ; <a ie 
- : > Pitwar even pe taba “43 ag. < nibydl snipe 
; 


2 ee al eee As yo Pe Mg) A eet hel ee eee ‘gio \as F 


iy oa >. 


ae m4 = 33 1 = Be? fi Siex Pa 7 "i we tas f 
aH [igiline) Ale} wots gS eee ait: eyed gRRera: 


asitivs sagoss Stet sabsgoadd ave laa ronan 
t ree => ee - c g ¥ Re As : = ai = 
) heticd ytee thas, a Hie eisai’ : 
; q ; 
JA ee Co le ere. Ol ; . | 
=e "yi reieae is ) 498 Scie Ae ese lan liyoy Eo iat ae ea io. #tko 
; aa ie hae 8 i= : ‘ oF a A oa & - 7 ae ae % 
nye : mf se ca Be é Laseer, | . rks :e Pylurtyv es Sa Ss er aera “ 
. 2 & J “i f A ' 
Rae © Wewemanns Pay a ois a fe Abts F ere ix ; , ey a 2 = 
url #an ame. ig SHENG “aw ab gl id mish ee sib ahi o2) . 
: a . phage, & ‘ . Y ; 
- 5 a - 
: r i ThE ies 2 i ee : Tt & pt LM 4 J) utes! 
2 #0) ‘ : : i ; i ; i an 
: oie ~ ie } ris ' Ps = y $7 es 7& Lie te) 
€ ‘ 
7 ‘ 
. * < . ee 5 ue 


} 2 eA ; is 4 ; ; i , in 
* ; 3) , 3 y yO ee 7 ig . = > a + ~ © St 
jw ~P ae = i ¥=> +e ine : i ; or ve AGL reipa rae | | 
/ iP ee ; P|! 
te - : ~ - a . « 3, * 7 . : is 
k Ws. “ > Z 7 : - Ly i 
Hdzkiveonobed Saree liee 
J { i 
* . ty } 
” 4 ' = 4 “+ 
- _— - f 
‘J buf @iniav ' Lay . e) Arne he i + 14M ; : 
‘ , ‘ 
a “ Se ne , 
i ae ae : ry 5 } > 
a 39 i J t L a ars 
N > at 2 - 
ask 540 oo bate = Se Po. Ca : 
> Y . y = - 
ml Wy - eit ai y : é one ap on ere & § 
er _ a —_ 


=i Yaw 


an N-acetylmuramidase similar in effect to lysozyme (Shockman et al., 
1967a; 1967b; Pooley and Shockman, 1969). This enzyme is located in the 
cell wall of the organism in both active and inactive forms. Active 
enzyme molecules are localized at the sites of crosswall formation where 
net peptidoglycan biosynthesis takes place. Inactive precursors of this 
muramidase are located throughout the cell wall of the organism but they 
require modification before they become active. A net loss of peptidoglycan 
can only be demonstrated when cell walls are isolated from the synthetic 
apparatus of the cell or when whole cells are incubated under unbalanced 
growth conditions in a medium lacking a utilizable source of carbon and 
energy. Under such conditions peptidoglycan degradation takes place most 
rapidly in the vicinity of the growing cross walls where the active 
muramidase is localized. Brief treatment with trypsin converts the 
inactive precursor enzymes located throughout the cell wall to the active 
form. After such a pre-treatment cell wall degradation takes place 
uniformly over the entire surface of the cell wall. The muramidase of 

S. faecalis appears to regulate peptidoglycan biosynthesis and cell 
separation. The cell in turn controls the muramidase by storing the 
majority of the enzyme in an inactive form throughout the cell wall. 

Cell walls of Lactobacillus acidophilus contain an N-acetylmuramidase 
similar to that of S. faecalis but with several notable differences, 
(Coyette and Shockman, 1972). Unlike the muramidase of S. faecalis, that 
of L. acidophilus is not completely cell wall associated. As much as 

25 percent of the active muramidase is located in another part of the 
cell. As well, no evidence of a latent form of muramidase was detected 


in L. acidophilus. These differences suggested that interconversion between 
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latent and active forms was not a universal mechanism for controlling 
autolytic activity. L. acidophilus appears to control its potentially 
destructive enzyme by isolating a portion of the muramidase from the cell 
wall completely. 

Cells of S. aureus are known to contain autolytic activities of 
at least three specificities; a glycine endopeptidase, an N-acetylglucos- 
aminidase and an N-acetylmuramyl-L alanine amidase. These enzymes wiil 
promote lysis of isolated cell walis at a very slow rate. Approximately 
24 hours was required to achieve a 50% decrease in turbidity. Analysis 
of the peptide products solubilized by autolysis indicated that the primary 
autolytic activity was an amidase. The very slow rate of autolysis of 
isolated cell walls indicated that during the isolation and purification 
of cell walls for chemical analysis, autolytic cleavage would be insig- 
nificant providing preparations were held at 4°C. Chemical analysis of 
cell wall peptidoglycan from S. aureus showed that the reducing termini 
of the peptidoglycan chains were almost exclusively N-acetylglucosamine 
residues. The known mechanism of peptidoglycan biosynthesis for all 
organisms should result in reducing termini made up exclusively of N-acetyl- 
muramic acid residues. The N-acetylglucosaminidase of this organism must 
function extensively in vivo to produce these N-acetylglucosamine reducing 
termini. The amidase activity which is primarily responsible for autolysis 
of isolated cell walls had only minimal effects in vivo on peptidoglycan 
structure since only 7 percent of the L alanine residues have free NH, 
groups (Tipper, 1969). 

Cells of E. coli like those of S. aureus also contain a wide 


range of peptidoglycan-hydrolysing enzymes including a muramidase, a 
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glucosaminidase, a muramyl-L alanine amidase, several endopeptidases and 

2 or more carboxypeptidases (Hartmann et al., 1974; Hakenbeck et al., 
1974). These enzymes are located within the membrane rather than the cell 
wall and are under very tight control. The activity of some of the hydro- 
lases is regulated both spatially and temporally so that localized 
hydrolase action is triggered at a given stage of cell division (Schwarz 
et al., 1969). Within the intact cells, no evidence of any hydrolytic 
activity can be detected suggesting that a barrier may exist which 
separates the enzymes from their substrate in vivo. In E. coli this 
barrier can be disrupted by mechanically opening the cells or by exposing 
whole cells to NaCl, EDTA, or 5 percent TCA. This concept of a barrier 
seems applicable to the growing number of organisms known to contain 
lytic enzymes which are not expressed in vitro, and may represent a more 
widespread mechanism of regulating peptidceglycan hydrolase activity. 

Non-peptidoglycan components of bacterial cell walls make up 
10 to 50 percent of the Gram-positive cell wall and 85 to 95 percent of the 
Gram-negative celi wall. Many of these compounds are Lag eerape ea be or 
sugar-containing polymers. Biosynthesis of these compounds has been 
found to closely parallel peptidoglycan biosynthesis involving activation 
of the component sugar residues as nucleotide precursors, and transport 
through the membrane for assembly by means of carrier lipids. 

The synthesis of polymeric cell envelope constituents as diverse 
as peptidoglycan, wall techoic acids, lipopolysaccharide (0 antigen) of 
the outer membrane of Gram-negatives, and several extracellular polysaccharides 
all involve use of carrier lipids (Anderson et al., 1973; Baddiley, 1972; 


Lenarz and Scher, 1972; Warren and Jeanloz, 1972; Strominger et al.. 1972). 
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The carrier lipid involved in peptidoglycan biosynthesis has been isolated 
and identified as a Ce. isoprenoid alcohol, called undecaprenol (Higashi 
et al., 1967). Preliminary investigations of the carrier lipid of 0 
antigen synthesis indicates it to be a polyisoprenoid compound with a 
structure similar to or the same as undecaprenol (Nikaido, 1968). Carrier 
lipids for techoic acid biosynthesis are present in such small amounts 
that they have not been isolated or characterized. These carrier lipids 
were however indirectly shown to be identical to undecaprenol by the 
development of particulate preparations from S. lactis capable of synthe- 
sizing peptidoglycan and glycerol techoic acids at the same time. The 

two synthetic systems were found to compete with each other for the 
limited supply of carrier lipid molecules. Nucleotide precursors for 
peptidoglycan would inhibit the techoic acid synthesizing system and 
conversely nucleotide precursors for techoic acid would inhibit peptidoglycan 
biosynthesis. A similar situation has Aes been demonstrated in Bacillus 
licheniformis (Baddiley, 1972; Anderson et al., 1973). 

The inter-relationships between biosynthetic mechanisms for the 
synthesis of these extracellular cell wall components suggests another 
way in which peptidoglycan biosynthesis could be controlled. The avail- 
ability of carrier lipid molecules in the active monophosphorylated form 
determines the extent of peptidoglycan synthesis and possibly the amount 
of peptidoglycan produced could be regulated by altering the rates of 
synthesis of competing compounds. In a more direct approach the synthesis 
of all carrier lipid dependent extracellular products could be regulated 


by controlling the activity of C isoprenylpyrophosphatase and related 


ae. 


enzymes. These enzymes regenerate the used carrier lipid molecules from 
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the pyrophosphate form to the active monophosphate form. Rudiments of 
such a control mechanism have been detected in S. aureus and their in 
vivo effectiveness is being investigated (Strominger et al., 1972). 

This investigation was undertaken to examine peptidoglycan bio- 
synthesis as it occurs in cell free preparations of M. sodonensis. 
Peptidoglycan biosynthesis is a multi-step process involving an undetermined 
number of enzymatic conversions. Some of the activities involved are 


indicated schematically below. 


1. Transglycosidase 


oe 
UDP-—MurNAc + UDP-GlcNAc MurNac 
Lala GlcNAc | 
Dglu > Mur NAc 
Llys “C1eNAc 
Dala MurNAc 


Dala 


2. Pyrophosphatase 


Carrier Lipid-P-P-MurNAc MurNAc + Carrier lipid-P-P 
“SSeS 


3. Amidase 


Mur NAc 


“GlcNAc 


Mur NAc free pentapeptides 
1cNAc ————————{ > 


=” 


fur NAc + 


linear unsubstituted 
glycan chains 


4. Transpeptidase 


linear glycan ————————> crosslinked glycan 
chains network 
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For the purposes of this investigation, transglycosidase activity, l., 
was defined as the overall process which results in conversion of UDP-GlcNAc 
and UDP-MurNAc-pentapeptide into uncrosslinked peptidoglycan. Pyrophos- 
phatase activity, 2., is defined as the enzyme which mediates the overall 
conversion of UDP-MurNAc-pentapeptide to MurNAc-pentapeptide and UMP. 
This, however appears to be an indirect process in which carrier lipid-P-P- 
MurNAc-pentapeptide is the actual substrate for pyrophosphatase activity. 
Carrier lipid-P-P-MurNAc-pentapeptide is an intermediate in transglycosidation 
and is formed by that system with the concomitant release of UMP. This 
lipid intermediate can by incorporated into peptidoglycan if conditions 
permit, but if peptidoglycan biosynthesis is prevented then it can be acted 
upon by pyrophosphatase to yield MurNAc-pentapeptide and carrier lipid-P-P. 
The carrier lipid is then regenerated to the monophosphorylated form as 
it is in transglycosidation. Amidase activity, 3., cleaves some substituent 
peptides off of the linear peptidoglycan so that they may participate 
in crossbridge formation. In the absence of transpeptidase activity 
however, amidase activity causes the release of free pentapeptides. 
Transpeptidase activity, 4., joins the cleaved substituent peptides 
together "head to tail'' to form the crossbridging peptide and finally 
completes bridge closure by joining adjacent peptidoglycan strands 
together. 

Activities 1.,2., and 3., have been detected in an in vitro 
system prepared from M. sodonensis and will be described in greater detail. 
Attempts were also made to relate the enzyme activities detected with 


those known to exist in cell free systems from other organisms. 
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MATERIALS AND METHODS 


I. Reagents, Substrates etc. 


qnPomdenAc= C-pencapent ide was prepared and purified as described 
in part VI of this section. Highly purified cell walls, isolated from 
stationary-phase cells of M. sodonensis, were provided by Dr. K. G. Johnson. 
All chemicals used in this investigation were of reagent grade and were 
purchased from commercial sources indicated. Enzymes were prepared as 


described or purchased commercially from the sources indicated. 


II. Culture and Growth Conditions 


A. Growth Medium. Trypticase Soy Broth (TCS), (Baltimore Biological 
Laboratories) pH 7.3 was used in all cases as the liquid growth medium. 
Bacto-agar (Difco) was added to yield 1.5% (w/v) when a solid medium 

was required. 

B. Culture. Micrococcus sodonensis ATCC 11880 was the organism used 
throughout this study. Stock cultures were stored in lyophilized form 

and also maintained on TCS agar plates stored at 4°C with monthly transfers. 
All cultures were grown aerobically at 30°C. Liquid cultures containing 
400ml of media in 2 1 flasks were aerated on a New Brunswick Gyrotory 
Shaker operating at 330 rpm. 

Cells for membrane and cell wall preparation were grown by 
inoculating 1.2 1 amounts of TCS broth to 0.1% (v/v) with a stationary-phase 
culture of M. sodonensis. Cultures were incubated 11 hours for production 
of exponential-phase cells and 18 hours for production of stationary-phase 


cells. Resulting optical densities at 600 nm were approximately 15 and 45 
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wens 
respectively, as measured on appropriately diluted samples. 


1G) LAR Analytical Methods 


A. Protein. Protein content of membrane suspensions and soluble 
amidase preparations was measured by the method of Lowry (Lowry et al., 
1951), after removal of 8 mercaptoethanol by dialysis or dilution. 
Protein content of cell wall suspensions was estimated by modification of 
the Lowry method as described by tfirelman (Mirelman et al., 1971). 
B. Carbohydrates. 

1. Dextran was measured by the anthrone technique using Dextran 
T-10 (Pharmacia Corporation) as a standard (Scott and Melvin, 1953). 

2. Total hexosamines were determined by the Morgen-Elson reaction 
as modified by Ghuysen (Ghuysen et al., 1966). Samples containing 10 
to 50 nmoles of hexosamine were hydroiysed in sealed tubes in 3N HCL 
at 100°C for 3 hours. The free hexosamines were acetylated by exposure 
to aqueous acetic anhydride under alkaline conditions. Once acetylated, 
the samples were boiled for 7 min in borate and then reacted with p dimethyl- 
amino benzaldehyde under strongly acid conditions. Color development 
proceeded for 20 min at 37°C and absorbance at 585 nm was measured. 
Standard N-acetylglucosamine samples were subjected to the complete 
hydrolysis and color development procedures. 

3. Soluble N-acetylhexosamines were determined by a second modification 

of the Morgen-Elson reaction as described by Strominger (Strominger, 1957). 
N-acetylglucosamine was again employed as a standard. Standards and test 
samples were exposed to a 5 min hydrolysis in 0.125 N HCl at 100°C. 


N-acetyl groups survive this brief hydrolysis period so chemical re- 
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acetylation was not required. 

4. Reducing sugars were determined by the modified Park-Johnson 
ferricyanide procedure (Ghuysen et al., 1966). 

5. Muramic acid residues with free reducing groups were quantitated 


by reduction with tritiated NaBH, (New England Nuclear) and isolation 


4 
of the resulting amino sugar alcohols in a modification of the original 
procedure as described by Hughes (Hughes, 1970). One umole amounts of 
glucosamine and muramic acid were used as standards. Standard and test 
samples were treated with an excess of 1% (w/v) NaBH, (0.4 ml; approximately 
2.43 uCi/umole) in 50 mM sodium borate buffer, pH 8.9 at 35°C for 16 hours. 


Excess NaBH, was destroyed by the addition of 0.2 ml of 12 N HCl. The 


Le 
acidified samples were sealed and hydrolysed for 3 hours at 100°C, then 

dried in vacuo. The residues were then dried several times from water 

and methanol to remove the remaining methyl borate. Samples were finally 
resuspended in 0.5 ml of water for chromatography on Dowex 50 to separate 

the radioactive amino sugar alcohols. 

C. Total Amino Acids. Total amino acids were determined as their dinitro- 
phenyl derivatives (Ghuysen, 1966). Samples containing approximately 

30 nmoles of each amino acid were hydrolysed in sealed tubes in 6 N HCl 

at 100°C for 18 hours. DNP-amino acid derivatives were formed by the 
reaction of the amino acid-containing hydrolysates with 1-fluoro-2,4-dinitro- 
benzene (Fisher) under alkaline conditions at 60°C for 1 hour. DNP 
derivatives were extracted into diethyl ether, dried, and spotted onto 

thin layer plates of silica gel. The plates were developed in solvents 


C and D as described elsewhere and the separated derivatives were collected, 


eluted with 2.0 ml of ethanol: water: ammonia (370:370:2; v/v), and 
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centrifuged to remove suspended silica gel. Absorbance at 360 nm of the 
resulting supernatants was measured in a Gilford 240 Spectrophotometer. 
Standard amino acid mixtures were subjected to the complete acid hydrolysis 
and derivatization procedure in parallel with the test samples. 

D. N-terminal Amino Acids. Estimation of the total amount of free 
N-terminal alanine was carried out as described by Ghuysen (Ghuysen, 1966). 
The method was essentially the same as for estimation of total amino acid 


composition except that the derivitization step preceeded acid hydrolysis. 


IV. Chromatographic Techniques 


A. Developing Solvents. (v/v) 

1. Solvent A- isobutyric acid: 0.5 N ammonia (5:3) (Bordet and 
Perkins, 1970). 

2. Solvent B- ethanol: 1MsM pamont tn acetate (5:2) (Bordet and Perkins, 
1970)% 

3. Solvent C- n butanol saturated with 1% ammonia (Ghuysen, 1966). 

4. Solvent D- chloroform: methanol: acetic acid (85:14:1) (Ghuysen, 
1966). 
B. Paper Chromatography. Descending chromatography with A Cmax) Seem 
strips of Whatman 3 MM paper was used in all cases. 

1. Separation of Compounds 

a. Uridine nucleotides, peptidoglycan and lipid intermediates 

were separated by development of chromatograms in soivent A. 


b. Uridine nucleotides could also be separated by development 


of chromatograms in solvent B. 
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2. Location of Compounds 

a. Nucleotides and derivatives were located by examining the 
paper strips under ultraviolet light with a wavelength of 260 nm. 

‘ee Radioactivity was located on the paper strips by means of 
a Nuclear Chicago Actigraph III Strip Scanner. For quantitation of radio- 
activity, the paper strips were cut into 1 cm sections, immersed in 5 ml 
of a toluene based scintillation fluid and counted in a Nuclear Chicago 
Mark I Scintillation Counter. 
C. Thin Layer Chromatography. Thin layer plates of MN-Silica Gel G-HR 
(Macherey, Nagel and Co.) were prepared on glass plates 20 cm x 20 cn, 
and activated at 100°C for 1 hour before use. DNP-amino acid derivatives 
were dissolved in a minimal amount of methanol and then spotted onto the 
Silica gel plates. Na-mono DNP-amino acids and Nae-di DNP-lysine were 
partially resolved by developing the thin layer plates halfway in solvent 
C. The plates were then thoroughly dried, and the DNP derivatives were 
further separated by developing the dried plates completely in solvent D 
(Ghuysen, 1966). 
D. Ion Exchange Chromatography. Dowex ion exchange resins were obtained 
from Bio-Rad Laboratories. Dowex 50W- X4 (200-400 mesh) in the He form 
was employed for the separation of muramitol from glucosaminol and methyl 
borate. One cm x 20cm columns of resin, equilibrated with 0.1 M pyridine 
acetate buffer, pH 2.8, were set up in a well ventilated area. The buffer 
was 0.1 M with respect to pyridine and contained sufficient acetic acid 
to lower the pH to 2.8 (Brendel et al., 1967). Samples dissolved in 
0.5 ml of water were applied to the columns and eluted first with 70 ml 


of 0.1 M pyridine acetate buffer, pH 2.8, to remove the methyl borate and 
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muramitol, and then with 70 ml of 0.133 M pyridine acetate buffer, pH 3.85, 
to remove glucosaminol. 

E. Gel Filtration. Sephadex gels and defined dextran fractions were 
obtained from Pharmacia Corp. Gel filtration properties of compounds 


are expressed in terms of the distribution coefficient, Kav. 


Ve - Vo 


Vt - Vo 


I 


Ve elution volume of the compound; Vo = void volume of the system; and 


Vt total volume of the system. 
Void volumes were determined using a 1 mg/ml solution of Dextran Blue 
2000 and monitoring effluent fractions for absorbance at 620 nm. Total 
volume of Sephadex G-200 columns was established using a 1 mg/ml solution 
of N ae-di DNP lysine and monitoring effluent fractions for absorbance 
at 360 nm. Total volume for Sephadex G-15 and G-25 columns was established 
using 1M NaCl. Effluent fractions were monitored for Cl with saturated 
Agno... 
1. Desalting. Materials to be desalted were eluted from calibrated 
Sephadex G-15 or G-25 columns with distilled water. Conductivity of 
effluent fractions was determined by means of a Type CDM 2 Bach Simpson 
conductivity meter. 

2. Purification of Small Molecular Weight Compounds. Ope erae Ge 
pentapeptide, MUENRE- copentapepuide: and free Ee seneapenet ce were 
purified in part by gel filtration on Sephadex G-25 columns (2.5 x 95 cm). 


The columns were equilibrated and eluted with water at an operating pressure 


of 1.5 m. Five ml fractions were collected at a rate of 70 ml per hour. 
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3. Calibration of a Sephadex G-200 Column. A Sephadex G-200 column 
(2.5 cm x 45 cm) was set up and equilibrated with 0.3% NaCl at 4°C. The 
column was run in the reverse direction by means of an upward flow adaptor 
at an operating pressure of 10 cm and a flow rate of 20 ml per hour. 
Calibration was achieved by chromatographing a series of dextran standards. 
Two mg amounts of each of Dextran T-10, T-20, T-40, T-70, T-110 and T-150 
were applied separately in 1 ml volumes and effluent fractions were 
monitored for carbohydrate. The distribution coefficient of each dextran 
standard was correlated with its known average molecular weight. 
V. Electron Microscopy 

Samples for microscopy were supported on carbon-shadowed, Formvar- 
coated, copper grids, negative contrast stained with 3% (w/v) phospho- 
tungstic acid and examined in a Phillips Model 200 Electron Microscope. 

VI. Preparation of UDoMaENAe= > C-pentapeptide 

Radioactively labelled DDPoMar hee eC spentanepeide was prepared 
by a modification of the method of Garrett (Garrett, 1969). Three hundred 
ml amounts of TCS broth containing 1% (w/v) sodium lactate were inoculated 
to 10% (v/v) with a stationary-phase culture of M. sodonensis also grown 
in the same medium. The cultures were incubated 3.5 hours at 30°C until 
cells reached the mid-exponential phase of growth (e009 = 13). The cells were 
harvested by centrifugation and resuspended into 250 ml amounts of 50 m™ 
sodium phosphate buffer, pH 7.0, containing 1 mM EDTA, 0.005% (w/v) 
chloramphenicol, and 1% (w/v) sodium lactate. After 5 min incubation, 
10 yCi each of Itc uniformly labelled L alanine (157 mCi/mmole, New 
England Nuclear) and eee aniforns labelled D alanine (36 mCi/mmole, 


Amersham Searle) were added and mixed. After another 5 min incubation, 
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unlabelled glutamic acid, lysine and alanine were added to a final concen- 
tration of 0.002% (w/v). The flask was incubated aerobically at 30°C for 
l hour. The cells were again harvested by centrifugation and the cell 
pellet was resuspended in a minimal amount of distilled water. After 
cooling to 4°C, 25 ml of ice cold 25% TCA was added. The acidified cells 
were held for 30 min at 4°C and then the precipitated material was 
centrifuged out. The pellet was again resuspended in 25 ml of ice cold 25% 
TCA and the extraction procedure was repeated. The two supernatants were 
pooled, and extracted with 3 x 50 ml volumes of diethyl ether to remove TCA, 
and neutralized. The neutralized extract was lyophilized and UDP-MurNAc- 
eee sencapepeide was purified by a combination of gel filtration on 


Sephadex G-25 and paper chromatography. 


VII. Enzyme Assays 


A. Transglycosidase. The reaction mixture contained 0.875 M Tris HCl, 


pH 8.6, 20 wls.OeL MiMeCl 10 pl; 2 mM UDP-GlcNAc, 10 ul; and 0.8 mM 


2? 
TDReNneNAe = ec osentapepe lies 15 wl (Bordet and Perkins, 1970). Either 70 ul 
of membrane suspension, vide infra (7 mg protein/ml = 0.5 mg protein), 

or 70 ul of cell wall suspension, vide infra (lmg protein/ml = 0.07 mg 
protein) was added as an enzyme source. The final reaction volume was 

140 ul. Reaction mixtures were incubated 3 hours at 30°C and then boiled 
for 1 min to stop the reaction. Reaction mixtures were streaked onto 

paper strips and developed for 16 hours in solvent A, dried, washed with 
acetone (to remove the isobutyric acid) and scanned for radioactivity. 


Radioactive material remaining at the origin was considered the product 


of transglycosidase activity. 
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B. Transpeptidase. The reaction mixture contained 0.9 M Tris HCl, 20 ul; 


Geo MNH Cr 20° ul: 0536 M Mec? Oe s e560. 527* MOATPS» 10> SO OLSeMe B 


4 2? 
mercaptoethanol, 10 ul; 0.05 M glycine, 10 ul; 2 mM UDP-GlcNAc, 10 ul; and 
0.8 m™ UP aMieNNee"C-Senea papers, 15 yl (Mirelman and Sharon, 1972). 
Again, either 70 ul of membrane suspension (0.5 mg of protein) or 70 ul 

of cell wall suspension (0.07 mg protein) served as a source of enzymes. 
Assays were incubated 3 hours at 30°C and boiled 1 min to stop the reaction. 
Reaction products were separated and quantitated as in the transglycosidase 
assay. The presence of free be site tie (Rf of 0.65) was taken as an 
indication of transpeptidase activity. 

C. Pyrophosphatase. Maximum pyrophosphatase activity could be obtained 
using the standard transglycosidase assay by omitting the UDP-GlcNAc and 
modifying the concentration of reagents as follows: 0.875 M Tris HCl, 


- 


pH S..65720 ls 076. M Meek, , 10 ul; -and=0..6.-mM UDP 2MuxNAc="Wi@4n anvapenetde, 


2? 
15 ul. This standard assay was performed using 70 ul of membrane suspension 
(0.5 mg of protein) in a final reaction volume of 140 yl. Assays were 
incubated 3 hours at 25°C and boiled 1 min to stop the reaction. Radio- 
activity chromatographing with an Rf of 0.6 was taken as a measure of 
pyrophosphatase activity. 
D. Amidase. Two types of assays were used to measure N-acetylmuramyl- 
L alanine amidase activity. 

1. In a type 1 amidase assay the amidase containing sample 
was added to a completed transglycosidase assay which had been inactivated 
by boiling for 1 min. Stationary-phase membranes served as the enzyme 


source for the transglycosidase assay. The amidase-containing transgly- 


cosidase system was again incubated 3 hours at 30°C and boiled for 1 min 
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to inactivate the amidase. The stopped reaction mixture was streaked 
onto a paper strip and chromatographed in solvent A. Disappearance of 
radioactivity from the origin when compared to a control transglycosidase 
assay, Or appearance of radioactivity at an Rf of 0.65 was taken as a measure 
of amidase activity. 

2. Ina type 2 amidase assay, partially purified peptidoglycan 
replaced the crude transglycosidase system as a source of in vitro synthe- 
sized peptidoglycan. Tris HCl was added to give a final concentration of 


0.125 M at a pH of 8.6 and MgCl, was added to give a concentration of 7 mM. 


2 
The reaction mixture was incubated 3 hours at 30°C and stopped by heating to 
100°C for 1 min. Reaction products were separated and quantitated by the 
same method used in the type 1 assay. 

E. Lysozyme. In vitro synthesized peptidoglycan was digested by the 
addition of 100 ug of egg white lysozyme (Sigma) to a stopped transgly- 
cosidase reaction mixture. Sodium azide was added to 0.02% (w/v) ina 

final reaction volume of 250 ul and at a final pH of 8.6. After 20 hours 
incubation at 37°C the digestion products were separated by paper chromat- 
ography in solvent A. 

F. Succinic dehydrogenase. Activity was followed by measuring the decrease 
in absorbance at 400 nm of an enzyme system containing 0.05 M MgSO, , 


Oe ane Uae KCN. O). bem + O50) aM KFe (CN) 0.03 ml; 0.01 M phenazine 


6’ 
methosulfate, 0.02 ml; 0.1 M disodium succinate, 0.1 ml; 0.2 M sodium 
phosphate buffer, pH 7.0, 0.4 ml; and from 0.1 to 0.25 ml of enzyme. 

A change in absorbance of 1.0 at 400 nm was equivalent to 0.77 umoles 


of succinate oxidized. 


G. NADH dehydrogenase. Activity was followed by measuring decrease in 
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absorbance in a system containing 0.1 M sodium phosphate buffer, pH 7.2, 
0.5 ml; 0.001 M NADH, 0.2 ml; 0.001 M triphenyl tetrazolium chloride, 
0.05 ml; and 0.1 to 0.25 ml of enzyme solution. A decrease in absorbance 


at 340 nm of 1.0 was equivalent to 0.235 umoles of NADH being oxidized. 


VIII. Production of Cell Membrane Suspensions 


Exponential-phase or stationary-phase cells as required were 
washed once in 50 mM Tris HCl, pH 7.5, containing 1 mM 8 mercaptoethanol 
(TME buffer), and then broken by one of the following three methods. 

A. Grinding With Plastic Beads. Washed cell pellets were resuspended 

in a minimal amount of TME buffer to yield a thick cell slurry. Equal 
weights of cell slurry and plastic beads (Bio Beads S-X8, 200-400 mesh, 
BioRad Laboratories) were combined in a Sorvall Omni-mixer. The cells and 
| beads were then mixed at maximum nee for 2° to 10 mins The broken "cell 
Slurry was diluted with TME buffer. Plastic beads, whole cells and cell 
walls were sedimented by centrifugation for 3 X 5 min at 15,000 xg. 
Membrane fragments were sedimented from the supernatant by centrifugation 
for 45 min at 48,000 xg. The membranes were washed twice in TME buffer 

and resuspended to 7 mg protein per ml for use. All manipulations were 
carried out at 4°C unless otherree indicated. 

B. Grinding With Alumina. A pellet of washed cells was vigorously ground 
with 3 times its wet weight of levigated alumina in a pre-cooled mortar 
and pestle for 10 min at 4°C. The cells-alumina mixture was diluted out 
with TME buffer and then treated exactly as the broken cell slurry from 
grinding cells with plastic beads. 


C. Lysozyme-French Press. Washed cells were resuspended in TME buffer 
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and exposed to lysozyme at 100 ug/ml for 1 hour at 30°C. The viscous 
pellet was forced through a French pressure cell at 15,000 pounds per 
Square inch pressure. The resulting broken cell slurry was diluted out 
with TME buffer and treated exactly as the broken cell slurry from 


grinding cells with plastic beads. 


IX. Production of Cell Wall Suspensions 


Cell walls were prepared from 1.2 1 batches of cells grown in the 
same manner as for cell membrane production. Cell breakage was achieved 
by grinding a cell slurry with plastic beads in an Omni-mixer for 2 min 
at maximum speed. Cell walls were separated from plastic beads, whole 
cells and cell membranes by differential centrifugation. A series of 
10 min centrifugations at 1000 xg was continued until all plastic beads and 
whole celis had been sedimented. ‘Usually five or six centrifugations 
were required. Cell walls were then sedimented by centrifugation at 8000 xg 
‘washed twice in TME buffer and then resuspended to 1 mg protein per 


ml for use. 


X. Solubilization of Enzymes 


Three methods were used in attempts to release bound enzymes 
from cell walls or membranes. In each case the membrane suspensions 
contained 7 mg of protein per ml and the cell wall suspensions contained 
1 mg of protein per ml. 

A. Triton X-100. Membrane or cell wall suspensions were made 1% (v/v) 
with respect to Triton X-100 (Rohm and Haas). After brief mixing the 


suspensions were centrifuged at 48,000 xg for 45 min to sediment insoluble 
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material (Umbreit and Strominger, 1973). 

B. Butanol Extraction. Membrane or cell wall suspensions were mixed 
vigorously with equal volumes of water saturated n butanol and held at 

4°c for 15 min with periodic mixing. The emulsion was then centrifuged 

at 48,000 xg for 45 min to separate the phases and sediment insoluble 
material. The upper butanol layer and interface material were discarded. 

the aqueous layer and pellet were saved (Barnett, 1973). 

C. LiCl Extraction. Membranes or cell walls were sedimented from suspension 
by centrifugation at 48,000 xg for 45 min. The pellets were then resuspended 
to their original volumes in 6 M LiCl containing 1 M Tris HCl, pH 8.0, and 
held at 4°C for 60 min. The membranes and cell walls were again sedimented 
by centrifugation at 48,000 xg for 45 min (Pooley et-al., 1970). 

For each of these three methods the insoluble pellets of membrane 
and cell wall material were resuspended to their original volume in TME 
buffer. Both the resuspended pellets and aqueous extracts were dialysed 
for 16 hours at 4°C against TME buffer before enzyme activity was measured. 
Tf protein content was to be measured, buffer lacking 8 mercaptoethanol 
was used for dialysis. Seventy ul amounts of each extract or resuspended 


pellet was assayed for enzyme activity using a standard assay. 
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EXPERIMENTAL 


I. Preparation of UDP-MurNAc-"'c-pentapeptide 


UDP-MurNAc-pentapeptide is a necessary substrate in any inyvitro 
peptidoglycan synthesizing system. It was originally observed to accumulate 
in cells of S. aureus which had been exposed to penicillin. Addition of 
penicillin to cultures of M. sodonensis at 5 ug/ml (approximately 10 x MIC) 
caused no accumulation of hexosamine containing nucleotides. Cation depri- 
vation had also been observed to induce intracellular accumulation of 
nucleotide precursors in S. aureus and in a wide range of other organisms 
as well (Garrett, 1969). By modifying the growth medium, this technique 
was used to prepare Govere tcorentapentide from M. sodonensis. The 
incubation mixture contained EDTA to produce the caticn deficiency, om 
uniformly labelled D and L alanine and chloramphenicol to prevent incor- 
poration of the labelled L alanine into protein. TCA extraction was used 
to release the nucleotide precursor from the celis and the neutralized 
extract was applied to a Sephadex G-25 column. Fractions were assayed 
for radioactivity, absorbance at 260 nm, and soluble hexosamines (Figure 1). 

Two main peaks of hexosamine containing material were detected 
but only one was radioactive, (Peak I). The second hexosamine containing 
compound, (Peak II) was UV-absorbing but analysis showed that it 
contained no amino acids. It was probably UDP-GlcNAc or unsubstituted 
UDP-MurNAc. The radioactive peak with a Kav of 0.98 (Peak III) was 
demonstrated to be free alanine. Radioactive, hexosamine containing 
fractions were pooled and lyophilized. The dried material was streaked 


on paper strips at a rate of 0.5 Umoles of hexosamine per cm and 
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FIGURE 1 


GEL FILTRATION (SEPHADEX G-25) OF PRODUCTS ACCUMULATED BY 


CATION DEPRIVED CELLS OF M. SODONENSIS 


Five ml of neutralized TCA extract from cation deprived cells 
was applied to a Sephadex G- 25 column (2.5 x 95 cm) and eluted\with 
water. Five ml fractions were collected and then UV absorption, total 


radioactivity, and total soluble hexosamine content of each fraction was 


measured. 
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then chromatographed for 18 hours in solvent A. Radioactivity was 

located using a strip scanner. The scanning speed was 60 cm/sec at 

a sensitivity setting of 1000 cpm and the position of the paper strip on 
the resulting printout was determined by using a radioactive marker dye 
(Figure 2). The only major radioactive band seen (Rf = 0.325) corresponded 
with an intensely UV-absorbing spot. This positive band from each strip 
was eluted extensively with water until all radioactivity had been removed. 
The eluant was lyophilized, applied to paper strips She anponetoo re eted 

in solvent B for 1l hours. Again only one radioactive, UV-absorbing band 
was present, in this case at an Rf of 0.125. The material was eluted from 
the paper strips, concentrated and desalted. The final purified product 
was concentrated to a volume of 10 ml and assayed for soluble N-acetyl 
hexosamines and total amino acids (Table I). The final yield of product 
Wass) <Loo x 10° dpm in 7.4 umoles of UDPoULENAce. (C- pencepeneide (based 

on soluble hexosamine content) for a specific activity of 694 dpm per 
nmole. The material contained hexosamine, glutamic acid, lysine, and 
alanine in a molar ratio speroaerineg Wisi st No glycine was detected in 


the material. 


II. Transglycosidase Activity of Stationary-phase Membrane Suspensions 


A. Preparation of Membrane Suspensions. Membrane suspensions capable of 
carrying out transglycosidation were prepared from stationary-phase cells 
of M. sodonensis. 

1. Effect of Methods of Cell Breakage on Transglycosidase Activity. 
Whole cells of M. sodonensis are extremely resistant to breakage by the 


usual mechanical means. As a result, fairly harsh methods of cell breakage 
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FIGURE 2 


PAPER CHROMATOGRAPHY OF PARTIALLY PURIFIED 


UDPoMurNic (Cepentapeptide 


Two umoles of partially purified UDP MonNAc aC -pentapens ce 
(based on soluble N-acetylhexosamine content) were applied to paper 
strips and developed 18 hours in solvent A. Radioactive material was 


located using a strip scanner. 
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TABLE I 


’ COMPOSITION OF UDP MueNae oe iGopenes pent ide (PEPTIDOGLYCAN PRECURSOR) 


ACCUMULATED BY CATION DEPRIVED CELLS OF M. SODONENSIS 


a ‘ 
Component Amount Molar Ratio 


Soluble N-acetyl- 


hexosamine 740 1.00 
Glutamic acid P32 0.99 
Civeine b b 
Alanine | 2340 3.20 
Lysine 770 1.04 


a nmoles per ml. 


b Below levels of detection 
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had to be employed. Unfortunately, these methods frequently partially 
destroyed transglycosidase activity. 

a. Grinding With Plastic Beads. A thick slurry of washed 
stationary-phase cells of ie peadonenale was ground with an equal weight 
of plastic beads in an Omni-mixer at maximum speed for 2 min. This 
method represented a successful compromise between efficient cell breakage 
and maintenance of enzyme activity. Cell breakage was restricted to 
about 30 percent which resulted in a moderate yield of membrane fragments 
with a high level of transglycosidase activity (Figure 3). The pepeioeivean 
product formed during a normal Peereeincoetdase assay using these membrane 
suspensions remained at the eres of chromatograms developed in solivent A. 
The residual labelled substrate (Peak II) moved to an Rf of 0.3. Smali 
amounts of lipid precursors were present near the solvent front. Peak 
III material, which consisted of a mixture of degraded substrate (MurNAc-penta- 
peptide), and degraded peptidoglycan was present at an Rf of 0.6 to 0.65. 
Under optimum conditions these membrane suspensions prepared by grinding cells 
with plastic beads for 2 min could promote the incorporation of 4.7 nmoles 
of Michie. C=peneapepe ide into peptidoglycan per hour per mg of membrane 
protein. Increasing the grinding time to 10 min gave 100 percent breakage 
but completely destroyed enzyme activity. Since grinding with plastic beads 
for short periods as a method of cell breakage yielded membrane suspensions 
with consistently high levels of enzyme activity, this method was routinely 
used for all subsequent studies on enzyme activities associated with the 
cell membrane. Membrane suspensions produced by this method were examined 
with an electron microscope. The membranes were negative-contrast stained 


with phosphotungstic acid (Plate I). The membrane fragments ranged in 
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FIGURE 3 


TRANSGLYCOSIDASE ACTIVITY OF STATIONARY-—PHASE MEMBRANE SUSPENSIONS 
OF M. SODONENSIS PREPARED BY GRINDING CELLS 


WITH PLASTIC BEADS 


One hundred forty ul of transglycosidase reaction mixture was 
applied to a paper strip and chromatographed 16 hours in solvent A. 
Distribution of radioactive products was determined by cutting the strip 


into 1 cm sections and counting each section in a scintillation counter. 
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PLATE I 


ELECTRON PHOTOMICROGRAPH OF STATIONARY-PHASE MEMBRANE SUSPENSIONS 


PREPARED FROM M. SODONENSIS 


Samples of cell membrane suspension, prepared by grinding 


whole cells with plastic beads in an Omni-mixer for 2 min, were 


negative contrast stained with 3% phosphotungstic acid. 


Magnification = 23,200 X 


2AG~ 


By 


size from approximately 0.1 to 0.3 uy in diameter. No evidence of contam- 
ination by intact cell walls or whole cells was seen. 

Membrane suspensions could be stored for prolonged periods at -70°C 
without loss of activity. Freezing and thawing did cause loss of activity 
so membrane suspensions were dispensed into small amounts before freezing. 

b. Grinding With Alumina. When pellets of washed Geet 
phase cells were ground with 3 times their wet weight of alumina in a 
chilled mortar and pestle for 10 min, some cell breakage occurred, but 
resulting membrane suspensions had less than 50 percent of the transglycosidase 
activity of membrane suspensions prepared with plastic beads. Only 2.2 
nmoles of Mien AG tae neh bapep tide was incorporated into peptidoglycan per 
hour per mg of membrane protein. 

c. Lysozyme-French Press. Washed stationary-phase cells were 
partially digested with lysozyme and then forced through a French pressure 
cell. The resulting membrane suspensions were contaminated with lysozyme- 
insoluble cell wall material which could not be removed by differential 
centrifugation. These membrane suspensions showed no detectable trans- 
glycosidase activity. Unlike the membranes prepared by grinding cells 
with plastic beads for 10 min, these lysozyme-French press membranes did 
show some transglycosidase-related enzyme activities, in that small amounts 
of lipid precursors (Figure 3, Peak IV) were formed and production of some 
MurNAc-pentapeptide (Figure 3, Peak III) could also be detected. 

2. Effect of Methods of Cell Breakage on Membrane Marker Enzymes. 
In evaluating different methods of membrane preparation, succinic dehydro- 
genase and NADH dehydrogenase assays were initially performed in an attempt 


to determine the relative activities of the resulting membrane suspensions. 
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Since these enzyme activities could be rapidly measured they would make 
convenient marker enzymes if they correlated with transglycosidase activity. 
These two enzymes were however much less sensitive to the method of membrane 
production used as evidenced by the fact that high levels of both activities 
were found in membrane suspensions isolated by all methods attempted, and 
therefore no useful correlation was found. 

B. Characteristics of Transglycosidase Activity. All transglycosidase 
assays were done using 70 ul of stationary-phase membrane suspension. 

l. Effect of pH. The effect of pH on transglycosidase activity 
was determined by setting up a series of normal transglycosidase assays 
at ee values ranging from 7.0 to 9.0. The final concentration of 
Tris in the assay was kept constant at 0.125 M. Activity was greatest at 
a pH of 9.0 (Figure 4). | Below a’ pH of 8.5; activity fell off sharply. 

2. Effect of Temperature. The effect of temperature was determined 
by preparing five identical transglycosidase assays and incubating each 
one at a different temperature from 20 to 40°C. Transglycosidase activity 
was strongly temperature-sensitive (Figure Be Activity was maximal 
at 30°C, which is also the optimum growth temperature for M. sodonensis. 

3. Effect of Incubation Time. The effect of incubation time was 
measured by setting up a normal transglycosidase assay, scaled up 6 fold. 
Samples of 130 ul were withdrawn periodically during the 24 hour incubation 
period and boiled for 1 min to stop the reaction, After all samples 
had been taken they were streaked on paper strips and chromatographed 
in solvent A. Peptidoglycan biosynthesis proceeded rapidly for the 
first few hours, began to level off at 7 hours, and finally went into a 


decline (Figure 6). Sodium azide was incorporated into the scaled up 
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‘FIGURE 4 


EFFECT OF pH ON IN VITRO TRANSGLYCOSIDASE ACTIVITY 
IN STATIONARY-PHASE MEMBRANE SUSPENSIONS 
OF M. SODONENSIS 
Transglycosidase activity was measured at pH values ranging 
from 7.0 to 9.0, and activity was expressed as percent of total 
radioactivity incorporated into peptidoglycan. Details of the standard 


transglycosidase assay system are given in Materials and Methods. 
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FIGURE 5 


EFFECT OF INCUBATION TEMPERATURE ON IN VITRO TRANSGLYCOSIDASE 
ACTIVITY IN STATIONARY-PHASE MEMBRANE 


SUSPENSIONS OF M. SODONENSIS 


Five transglycosidase assays were set up and incubated at 
temperatures ranging from 20°c to 40°C. Activity is expressed as percent 


of radioactivity incorporated into peptidoglycan. 
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FIGURE 6 


EFFECT OF INCUBATION TIME ON IN VITRO TRANSGLYCOSIDASE ACTIVITY 
IN STATIONARY-PHASE MEMBRANE SUSPENSIONS 


OF M. SODONENSIS 


One hundred thirty ul samples of transglycosidase reaction 
mixture were removed at the times indicated and chromatographed in 
solvent A. Activity is expressed as percent of total radioactivity 


incorporated into peptidoglycan. 
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reaction mixture at a final concentration of 0.02% (w/v). Since azide 
would limit microbial contamination, the decline was presumed to be due to 
the presence of low levels of endogenous peptidoglycan degrading enzymes. 

4.’ Effects of Mes Nees is an essential component of the transglyco- 
sidase system (Figure 7). When the MgCl. concentration of the standard 
transglycosidase assay system was varied from zero to 125 mM, maximum 
transglycosidase activity occurred at 7 mM Mean When Nee was omitted 
from the assay system, some residual activity remained, probably due to a 
small amount of Mee remaining associated with the membranes throughout 
the washing procedure. Concentrations of Me in excess of 7 mM were 
inhibitory so that at a Mees concentration of 100 mM, activity was almost zero. 

Just as high levels of Maou inhibited the transglycosidase enzyme 
assay, so the presence of Ne’ during preparation of membranes decreased the 
activity of the resulting membrane suspensions (Figure 8). When the TME 
buffer used during cell breakage and subsequent washing, was supplemented 


with 50 mM MgCl., the resulting membrane suspensions had no transglycosidase 


De 
activity, Transglycosidase activity was highest in membranes prepared without 


MgCl This effect could also be demonstrated by washing active membrane 


2° 
preparations in TME buffer containing 50 mM MgCl,. Membranes so treated 
could lose up to 60 percent of their transglycosidase activity but complete 
loss of activity was never achieved. Transglycosidase activity lost by 
Mes washed membranes could not be restored by dialysis of inactivated 
membranes against Mees free buffer, nor was transglycosidase activity 


demonstrable in the membrane washes. Addition of concentrated supernatants 


from owe washed membranes back to the inactive membranes also had no 


restorative effect. 
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FIGURE 7 


2 
BEPC LOR SMG ON IN VITRO TRANSGLYCOSIDASE ACTIVITY 
IN STATIONARY-PHASE MEMBRANE SUSPENSIONS 


OF M. SODONENSIS 


Transglycosidase activity was measured in the presence of 


varying concentrations of MgCl Activity is expressed as percent of 


2° 


total radioactivity incorporated into peptidoglycan. 
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FIGURE 8 


2a 
EFFECT OF PRESENCE OF Mg DURING PREPARATION OF MEMBRANE 


SUSPENSIONS ON RESULTING TRANSGLYCOSIDASE ACTIVITY 


Stationary-phase membrane suspensions, prepared using TME 


buffer containing varying concentrations of MgCl were assayed for 


De 
transglycosidase activity under standard assay conditions. Activity 


was expressed as percent of total radioactivity incorporated into 


peptidoglycan. 
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C. Analysis of the Transglycosidase Product. 


1. Degree of Crossbridging. When cephaloridine was included in a 
normal transglycosidase assay at 10 ug/ml (approximately 20 times MIC) 
it had no effect on the amount of peptidoglycan formed or the distribution 
of the radioactivity on the chromatograms, which indicated that a cephalor- 
idine-sensitive transpeptidase was not present. This, together with the 
observation that no free alanine was released during in vitro peptidoglycan 
synthesis is evidence that crossbridging was not occurring. Free alanine 
chromatographs at an Rf of 0.65 in solvent A which places it close to the 
Peak III material seen in Figure 3. In solvent B, however, alanine has 
an Rf of 0.5 compared to Peak III material which splits into two components 
with Rf values of 0.32 and 0.55. 

2. Nature of the Glycosidic Bond Formed. The peptidoglycan produced 
in a standard transglycosidase assay was tested for lysozyme susceptibility, 
as given in Materials and Methods. The lysozyme digest was then chromato- 
graphed in solvent A and the distribution of radioactivity was compared with 
that of a normal transglycosidase assay (Figure 9). The complete disappearance 
of labelled material from the origin confirmed the transglycosidase product 
to be typical peptidoglycan with lysozyme sensitive N-acetylmuramyl-§ 1, 

4 N-acetylglucosamine linkages. The two products of lysozyme digestion 
(Figure 9, Peaks III and IV) were tentatively identified as disaccharide- 
peptide and tetrasaccharide-peptide on the basis of their chromatographic 
mobilities. The fact that this in vitro synthesized peptidoglycan is 
completely degraded by lysozyme differentiates it from native peptidoglycan 


in the mature walls of the same organism, which is at best only 50 percent 


solubilized by lysozyme digestion. 
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FIGURE 9 


LYSOZYME DIGESTION OF PEPTIDOGLYCAN SYNTHESIZED 
IN VITRO BY STATIONARY-PHASE MEMBRANE 


SUSPENSIONS OF M. SODONENSIS 


In vitro synthesized peptidoglycan was exposed to lysozyme and 
the digestion products were separated by paper chromatography in solvent A 
for 16 hours. Distribution of radioactive products was determined by 
cutting the strip into 1 cm sections and counting each section in a 


scintillation counter. 
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3. Physical Characteristics 

a. "Solubility" and Precipitability by Trichloroacetic Acid. 
The "solubility" of in vitro synthesized peptidoglycan was determined by 
carrying out a standard transglycosidase assay using stationary-phase 
membranes and centrifuging the completed assay at 48,000 xg for 45 min. 
Peptidoglycan remaining in the 48,000 xg supernatant was referred to as 
"soluble" and peptidoglycan in the pellet was "insoluble". The precipi- 
tability by TCA of in vitro synthesized peptidoglycan was determined by 
preparing two standard transglycosidase assays using stationary-phase 
membranes. After incubation, one reaction mixture was chromatographed in 
solvent A to determine the total peptidoglycan production. The other was 
spread evenly over a 2 cm square piece of Whatman 3MM paper. After drying, 
the paper was washed gently for 15 min in each of 3 changes of ice cold 
5% TCA, then washed for 15 min in ethanol:ether (1:1, v/v) mixture and 
finally 15 min in ether. The dried square was counted for radioactivity. 

Seventy seven percent of the in vitro synthesized peptidoglycan 

was "soluble" while 61 percent could not be precipitated by TCA (Table II). 
Addition of cephaloridine to the transglycosidase assay system at 10 ug/ml 
did not alter the distribution of the various fractions. 

b. Isolation and Purification df In Vitro Synthesized Peptidoglycan. 
In vitro synthesized peptidoglycan was prepared in a normal transglycosidase 
assay system scaled up 200 fold. One hundred mg of stationary-phase mem- 
brane protein served as the source of enzyme. The peptidoglycan pro- 
duced contained 558,000 dpm which represented an incorporation of 804 nmoles 
of ay NAG Gpeneapeptide into peptidoglycan. The entire reaction mixture 


was first centrifuged at 48,000 xg for 45 min to separate "soluble" from 
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TABLE II 


SEPARATION OF COMPONENTS OF IN VITRO SYNTHESIZED PEPTIDOGLYCAN BY 


CENTRIFUGATION AND TCA PRECIPITATION 


Material Radioactivity® Percent sof iTotal 
Assayed Incorporated into Peptidoglycan 
Peptidoglycan 


Complete Transglycosidase : 
Reaction Mixture 1470 100.0 
(total peptidoglycan) ; 


48,000 xg Supernatant b 
("soluble" peptidoglycan) £235 hte 
48,000 xg Pellet i 
("insoluble" peptidoglycan) 335 221 


Peptidoglycan Insoluble a 
in 5% TCA 580 3960 


a dpm 
b Determined by paper chromatography. 


c Determined by precipitation onto paper. 
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"insoluble" material. "Soluble" peptidoglycan was present in the 

Supernatant together with residual substrate and minor amounts of degradation 
products. ‘Insoluble" peptidoglycan was that material precipitated together 
with the membrane fragments. It was contaminated by the radioactive lipid 
precursors. 

The "soluble" peptidoglycan containing supernatant was lyophilized 
resuspended in a 2 ml volume and subjected to gel filtration on a 
Sephadex G-200 column (2.5 x 45 cm). Five ml fractions were collected 
and monitored for radioactivity (Figure 10). Some of the "soluble" 
peptidoglycan was excluded from the column and was therefore of very large 
molecular weight (Peak I), while the majority was present in a single peak 
(PeakII) which eluted with a Kav of 0.7. Peak III material represents 
residual substrate. The initial sample applied to the column had a high 
salt concentration, which caused shrinkage of the column and distorted the 
Kav of Peak II. The Peak II material was rechromatographed on Sephadex 
G-200 to find the true Kav and to obtain a better separation from the 
unreacted substrate. This peak now eluted uniformly at a Kav of 0.5. This 
"soluble" small molecular weight peptidoglycan was lyophilized as was the 
"soluble" large molecular weight material (Peak I). 

"Tnsoluble" peptidoglycan was examined to determine whether its 
insolubility was due to large molecular size or to attachment to the membrane 
fragments. The peptidoglycan containing pellet of membrane fragments 
was resuspended in water to a 5 ml volume. The suspension was extracted 
with an equal volume of water saturated n butanol for 15 min at (ee 

Centrifugation at 38,000 xg for 20 min separated the emulsion and the aqueous 


layer was removed. The butanol layer was discarded as it contained no 


wth) sneaeneg sem nda teyhnvaee om) oe 3 bit 


Tu 
! 
=e 
Po 
LY 
‘ -? 
PhD 
te i 
7s Le 
a 


i ie oi aus, ee" chenkynee ie et 


VY: 756) Sab) Ute | Waite: ir i¢) AAP wis eae aera 
dmiacactd “uy ahs ae vas besa it ih, jaro 


eran Abibidon Ayre ety oe inl oe 
higqe may sede: winite Hy sn ud wired da hat? “94 


<0 hE> ae Ai Kia agi glee ) aetecd liom oped erautin” 
75) oA een hie vino tg akt Sqny “Steinem” 
Wied Dip’ 3s re io Lee Ante “J su! ge “ titéaloaat | ' ; 


yal yf TL ¢] HF a a 5 rhs gr elie’: a. vag ant | edctong a8 y A 


1 tom's ye 
| ' 
f will J <—f- 
i i 
A TES | i f iad 
we i : Go 
i « 
‘aes A : 
‘ ma 
5 “=, 
: , bai 
Mi ry 


ai Rh 


wr 9 a _” 2M “ 
ret peers ie erne atin ’ mi 


eae 


De pois rors, ama aio 


? 1 f i : +h 
fe ee ) hy 


iyi 4 - = 


aire, aegis ssoecgOeai vale 


Yb tae a te Gare... » oe aA % + m saber pea 


Me 
| t 


yi Cas yi pratt) ctuyhaeatint we? 


ea jist 


UL eae | wt ei a te betaha done, OM 


i et. 


$3 ant th ‘haseionty Risin: om ality swt ses Saanaeg, 
bas Taal paar re sev tt th; meee 


Can | J 


heey: oy) mie ak Yaa alt i’ e347) ngs bea 
RMON Bysbuanne 11% tow sa) wiplow ‘Ytaes age Za ee 


- i h 7 “a 
rT 7 me) a 


rn 
> - ! ; 
; A. : t 
ul 


Chay 7 


‘adi ot a ee | eben i) ad iinet ane oe 


(on. Ibe Dade aaee Je saute ‘amps ne da | 
0) beIeeaete "ie Ob x04 sp "etn (Gt an wtibhigits Se 
Vee : ays! ei 


gl Ye, rete Sipe ai: ‘ugly AT saan afl | Sevoaee aam taut 


A ae 


‘ q »\ “ df if 
é 
P i y : § J [a 
7. ee oe , . 


Gest ‘nace mates ‘. i at fo: i ‘ 


i fe.’ 


Ae eciaay nat ata lal ¥e “7 


am adr 


. 
" jue 
> \ 


i 7 Pa 
AT y oy ; wid 
& shh ercccmlati 


2 se icpoheoe 


FIGURE 10 


FRACTIONATION OF IN VITRO SYNTHESIZED PEPTIDOGLYCAN 


BY GEL FILTRATION (SEPHADEX G-200) 


"Soluble" and "insoluble" in vitro synthesized peptidoglycan 
samples were applied separately to a Sephadex G 200 column (2.5 x 45 cm) 


and eluted with water. Five ml fractions were collected and assayed 


for radioactivity. 


Soluble" peptidoglycan 


"insoluble" peptidoglycan 
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radioactivity. The pellet was resuspended in 5 ml of water and the butanol 
extraction was repeated. Two successive butanol extractions were found 
to release greater than 90 percent of the "insoluble" peptidoglycan into 
the aqueous phase. This material could no longer be sedimented by centri- 
fugation at 48,000 xg for 45 min. The aqueous suspension of "insoluble" 
peptidoglycan was applied to a Sephadex G-200 column (2.5 x 45 cm) and the 
effluent fractions were monitored for radioactivity (Figure 10). The 
elution pattern of this material was quite similar to that of the "soluble" 
peptidoglycan except that there was much less of the small molecular weight 
material and residual substrate was greatly reduced. The large and small 
molecular weight fractions of "insoluble" peptidoglycan were lyophilized. 
The yield of each of the four species of peptidoglycan is shown in Table 
III. The overall recovery of 788 nmoles out of an initial 3804 nmoles 
total peptidoglycan at the start is somewhat high because the "insoluble" 
large molecular weight peptidoglycan is contaminated to a maximum of 
20 percent with lipid intermediates which contribute to radioactivity 
measurements. ‘'Soluble" small molecular weight peptidoglycan makes up the 
majority of the in vitro synthesized material. Small molecular weight 
material makes up about 67 percent of total peptidoglycan. 

c. Hexosamine Content of In Vitro Synthesized Peptidoglycan. 
The large and small molecular weight peptidoglycan species (Figure 10, 
Peaks I and II) from both "soluble" and "insoluble" peptidoglycan were 
resuspended in water to give 35,000 to 40,000 dpm/ml. This would correspond 
to a hexosamine content of 50 to 60 nmoles hexosamine/ml assuming that all 
the peptidoglycan had been synthesized in vitro from radioactive substrate and 


that for each mole of MurNAc-" *G-pentapeptide incorporated one mole of GlcNAc 
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TABLE III 


DISTRIBUTION OF FRACTIONS OF IN VITRO SYNTHESIZED 


PEPTIDOGLYCAN OF M. SODONENSIS 


Peptidoglycan é Percent of Total 
Species Amount In Vitro Synthesized 
Peptidogiycan 


"Soluble" large 
molecular weight i27 LG e2 


"Soluble" small 
molecular weight 402 Si-O 


"Insoluble" large 
molecular weight 138 1755 


"Insoluble" small 
molecular weight t2u 154 


a nmoles of MUENie! < Geeneapent ide incorporated into peptidoglycan. 
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was also incorporated. Using this approximation, samples were then 
assayed for actual total hexosamine content using the Morgen-Elson 
technique described earlier (Table IV). Actual hexosamine contents were 
higher than the assumed values which suggested that dilution of the 
specific activity of the nucleotide substrate had occurred and that 
all of the fractions of in vitro synthesized peptidoglycan contained 
significant amounts of unlabelled peptidoglycan material. The small 
molecular weight species were the least contaminated with unlabelled 
material. In particular, the "soluble" small molecular weight fraction, 
which makes up a large proportion of the in vitro synthesized peptidoglycan, 
contained only one half unlabelled material. This was expected since 
native peptidoglycan, synthesized in vivo, is neither "soluble" nor small 
in size. None of the evidence indicated whether labelled and unlabelled 
peptidoglycan was present as a mixture or whether it was actually covalently 
linked together. 

4, Molecular Weight Determination of "Soluble" Fractions of In Vitro 
Synthesized Peptidoglycan. 

a. Sephadex G-200 Chromatography. The size of the two 

"soluble" species of in vitro synthesized peptidoglycan was determined 
by chromatographing them on a Sephadex G-200 column which had been 
calibrated by chromatographing a series of dextran standards of known 
molecular weights. The columns were equilibrated and eluted with 0.3% 
NaCl to overcome any viscosity effects due to the dextran. Dextran was 


detected in the effluent fractions using the anthrone technique 


(Figure 11). Dextran T-150, molecular weight 150,000 daltons (Peak I), 
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HEXOSAMINE CONTENT OF FRACTIONS OF IN VITRO SYNTHESIZED 


TABLE IV 


PEPTIDOGLYCAN OF M. SODONENSIS 


By 5 


Peptidoglycan 
Species 


"Soluble" large 
molecular weight 


"Soluble" small 
molecular weight 


"Insoluble" large 
molecular weight 


"Insoluble" small 
molecular weight 


: a 
Hexosamine Content 
Estimated by 


Radioactivity 
(A) (B) 
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FIGURE 11 


ESTIMATION OF PEPTIDOGLYCAN SIZE BY GEL FILTRATION 


a. ELUTION PATTERN OF STANDARD DEXTRAN SAMPLES 


FROM SEPHADEX G-200 


Two mg of each of the dextran standards were individually applied 
to a Sephadex G-200 column (2.5 x 45 cm). The column was equilibrated 
and eluted with 0.3% NaCl. Five ml fractions were collected and 0.5 ml 
amounts were assayed for total carbohydrate as described in Materials 


and Methods. 


I = Dextran T-150 M. W. = 150,000 daltons 
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Dextran T-110 M. W. = 110,000 daltons 
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Dextran T-70 M. W. = 70,000 daltons 


IV = Dextran T-40 M. W. 


40,000 daltons 


V = Dextran T-20 M. W. 20,000 daltons 


VI 


Dextran T-10 M. W. = 10,000 daltons 
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was excluded from the column. The smaller dextrans eluted at progressively 
higher Kav's with Dextran T-10, molecular weight 10,000 daltons, eluting 
with a Kav of 0.71. The Kav of each dextran standard was then correlated 
with its known molecular weight (Figure 12). Kav was found to be expon- 
entially related to molecular weight and a straight line curve was 
prepared. Dextrans with molecular weights in excess of 130,000 daltons 
would be excluded from the column. Samples of the two "soluble" pepti- 
doglycan species, each containing 20,000 dpm HE radioactivity ina) limi 
volume were then chromatographed individually on the Sephadex G-200 
column (Figure 13). Effluent fractions were monitored for radioactivity. 
The observed Kav's were used to estimate molecular weight. 

Most of the "soluble" large molecular weight peptidoglycan was 
excluded from the column, as expected, indicating a molecular weight in 
excess of 130,000 daltons. The peak had a shoulder of small material 
which ranged down to a Kav of 0.125, corresponding to a molecular weight 
of about 70,000 daltons. The "soluble" small molecular weight species 
eluted in a uniform peak with a Kav of 0.522 which corresponded to a 
molecular weight of 19,400 daltons. 

The disaccharide-peptide units which make up the repeating sequence 
of linear peptidoglycan strands have a molecular weight of 949 daltons. 
The "soluble" small molecular weight peptidoglycan therefore has chains 
made up of 20.2 disaccharide-peptide units on the average. The "soluble" 
large molecular weight peptidoglycan has strands ranging in size from 
an average of 73.8 up to greater than 137 disaccharide-peptide units. 

b. NaBH, Reduction. The number of disaccharide-peptide units 
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making up the in vitro synthesized peptidoglycan strands could also be 
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FIGURE 12 


ESTIMATION OF PEPTIDOGLYCAN SIZE BY GEL FILTRATION 


b. DEXTRAN MOLECULAR WEIGHT CALIBRATION CURVE 


FOR SEPHADEX G-200 COLUMN 


I = Dextran T-10 M. W. = 10,000 daltons 
II = Dextran T-20 M. W. = 20,000 daltons 
III = Dextran T-40 M. W. = 40,000 daltons 


70,000 daltons 


IV = Dextran T-70 M. W. 


V = Dextran T-110 M. W. 


110,000 daltons 


VI = Dextran T-150 M. W. 


150,000 daltons 
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FIGURE 13 
ESTIMATION OF PEPTIDOGLYCAN SIZE BY GEL FILTRATION 


C. ELUTION PROFILE OF "SOLUBLE" IN VITRO SYNTHESIZED 
PEPTIDOGLYCAN SPECIES FROM CALIBRATED 


SEPHADEX G-200 COLUMN 


The large and small molecular weight species of "soluble in 
vitro synthesized peptidoglycan were applied individually to a Sephadex G-200 
column (2.5 x 45 cm). The column was equilibrated and eluted with 0.32 


NaCl. Five ml fractions were collected and 0.5 ml amounts were assayed 


for radioactivity. 


"soluble" large molecular weight material 


ee ee eee 'SOluble'' small molecular weight material 
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determined by measuring the number of muramic acid residues bearing a 
free reducing group and comparing it to the total muramic acid content. 
Each peptidoglycan strand has only one free reducing group. 

Samples of the "soluble" large and small molecular weight peptido- 
glycan containing 512 and 306 mmoles of hexosamine respectively were 
used. The samples were allowed to react with tritiated NaBH, (2.43 wCi/umole) 
under alkaline conditions for 16 hours at 35°C. Excess reagent was 
destroyed by adding concentrated HCl to give a final concentration of 3N. 
The samples were then sealed and hydrolysed for 3 hours at 100°C; the acid 
was removed in vacuo. A standard reduction was also carried out on 
1 umole of each of glucosamine and muramic acid. The dried contents of 
each tube, standards and tests, were resuspended to 0.5 ml and chromato- 
graphed on Dowex 50. One ml fractions were collected and radioactivity 
was monitored. The elution profile of the standards is shown in Figure 14. 
Tritiated methyl borate, (Peak 1), resulting from destruction of residual 
NaBH, was the first material off the column. Tritiated muramitol (Peak II) 
eluted just slightly behind this peak. Tritiated glucosaminol (Peak III) 
was retained until the second buffer system of higher pH freed it from the 
column. Since muramic acid is the normal reducing terminus of a peptido- 
glycan chain, unless it has been attacked by glycosidases, the tritiated 
muramitol peak was of primary importance. 

The elution profile of the large and small molecular weight 
fractions of "soluble" peptidoglycan after reduction with tritiated NaBH, 
is shown in Figure 15. The level of radioactivity was very close to the 
background level but a peak of tritiated muramitol (Peak II) could be 


detected from each peptidoglycan species as a shoulder on the residual methyl 
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FIGURE 14 


ESTIMATION OF PEPTIDOGLYCAN SIZE BY REDUCTION WITH NaBH, 


a. CHROMATOGRAPHIC BEHAVIOR OF 34 MURAMITOL AND 34 GLUCOSAMINOL 


STANDARDS ON DOWEX 50 


Samples containing 1 umole each of 34 muramitol and 34 glucosaminol 
were applied to a Dowex 50 column (1.0 x 20 cm). The column was eluted 
first with 70 ml of 0.1 M pyridine acetate buffer, pH 2.8, and then with 
70 al ae 0.133 M pyridine acetate baceers pH 3.85. One ml fractions were 


collected and monitored for radioactivity. 


I= 34 methyl borate 
eee : 
II = “H muramitol 
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FIGURE 15 


ESTIMATION OF PEPTIDOGLYCAN SIZE BY REDUCTION WITH NaBH, 
b. ELUTION PROFILE OF "SOLUBLE" IN VITRO SYNTHESIZED 


PEPTIDOGLYCAN SPECIES FROM DOWEX 50 


After reduction with tritiated NaBH y+ the peptidoglycan samples 
were individually resuspended in 0.5 ml of water and chromatographed 
on Dowex 50 columns (1.0 x 20 cm). The columns were eluted exactly 


the same way as for the standards. One ml fractions were collected and 


radioactivity was measured. 


"soluble" large molecular weight 
peptidoglycan 


eee oe es 'SOluble" small molecular weight 
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borate (Peak I). The portion of each curve shown with a dotted line 
(Peak III) was where the 6 labelled peptide portion of each peptido- 
glycan eluted. Neither peptidoglycan species showed any evidence of 
glucosaminol. When the total amount of radioactivity contained in each 
peak of muramitol from peptidoglycan was summed and compared with the 
amount of radioactivity contained in 1 umole of standard muramitol, an 
estimate of the number of nmoles of muramic acid reduced by NaBH, could 
be obtained (Table V). The number of nmoles of muramic acid reduced 
compared to the total number of muramic acid residues gave an estimate 

of the chain length of the peptidoglycan. Although the limited amounts 
of peptidoglycan available for use in the assay may reduce the accuracy 
of the measurements, there was still a good agreement between the results 
of this and the gel filtration method. The "soluble" large molecular 
weight peptidoglycan had 2.4 nmoles of reducing groups on 512 nmoles of 
hexosamine, or 213.4 nmoles of hexosamine per reducing group. This is 
equivalent to 106.7 disaccharide-peptide units per strand. The "soluble" 
small molecular weight peptidoglycan had 7.5 nmoles of reducing groups 


per 306 nmoles of hexosamine, or a chain length of 20.5 disaccharide- 


peptide units. 


III. Pyrophosphatase Activity of Stationary-Phase Membranes 


Omission of UDP-GlcNAc from the standard transglycosidase assay 


system completely prevented peptidoglycan biosynthesis as expected. The 


UDP-MurNAc-"'c-pentapeptide did not remain unchanged but rather it was 
converted into a new radioactive product (Figure 16). This product 


chromatographed with an Rf of 0.60 in solvent A and corresponded to the 
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TABLE V 


RESULTS OF TRITIATED NaBH, REDUCTION OF 


"SOLUBLE" PEPTIDOGLYCAN FRACTIONS 


Material Radioactivity® Reducing. Hexosamine 

Reduced by in Termini Residues per 

NaBH, Muramitol Reducing 
Terminus 


Standard 
Muramic acid 836,619 1,000 iy 
(1 umole) 


"Soluble" large 

molecular weight 

peptidoglycan 

(512 nmoles hexosamine) 2,040 2.4 213.4 


"Soluble" small 

molecular weight 

peptidoglycan 

(306 nmoles hexosamine) 6,320 ie 41.0 


a dpm 
b nmoles 


c number of disaccharide-peptide units per glycan strand. 


Glycan® 
Chain 
Length 


106.7 


20.5 
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FIGURE 16 


PYROPHOSPHATASE ACTIVITY OF STATIONARY-—PHASE 


MEMBRANE SUSPENSIONS OF M. SODONENSIS 


One hundred forty ul of transglycosidase reaction mixture, lacking 
UDP-GlcNAc, was applied to a paper strip and chromatographed 16 hours in 
solvent A. reemericn of radioactive products was determined by cutting 
the strip into 1 cm sections and counting each section in a scintillation 


counter. 
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minor peak seen at this Rf value in a normal transglycosidase assay. 

D alanine has a Rf of 0.65 in this solvent system so the new peak had 

not resulted from DD carboxypeptidase activity. 

A. Isolation and Purification of Pyrophosphatase Products. The unknown 
product was produced in larger amounts for analysis using a normal trans- 
glycosidase assay mixture scaled up 100 fold. UDP-GlcNAc was again omitted 
from the reaction mixture. Fifty mg of stationary-phase membrane protein 
served as the source of enzyme. After 3 hours incubation, the reaction 
was stopped by boiling, and centrifuged at 48,000 xg for 45 min to remove 
the membrane fragments. The supernatant was lyophilized, resuspended in 

2 ml of water and applied to a Sephadex G-25 column. Fractions were 
monitored for radioactivity. Radioactive fractions were lyophilized, 
applied to paper strips and chromatographed in solvent A. Two major radio- 
active bands were detected on the chromatograms. One corresponded with 

a strongly UV-absorbing spot at an Rf of 0.3 and was identified as UDP-MurNAc- 
ACen an canepr ice (residual substrate). The second radioactive band had no 
UV-absorbing characteristics and chromatographed with an Rf of 0.6. This 
material was eluted with water, lyophilized, and rechromatographed in 
solvent B. A single radicactive band was detected at an Rf of 0.55 on these 
chromatograms. This active material was again eluted with water, desalted 
on a Sephadex G-25 column and then lyophilized. 

B. Identification of Pyrophosphatase Products 

1. Radioactive Products. The final yield of purified material was 

280,000 dpm. This corresponds to about 400 nmoles of peptide-containing 
product, assuming it to be of the same specific activity as the substrate. 


Based on this assumption, the material was resuspended into 1 ml of water 
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and appropriate amounts were assayed for total amino acids, soluble N- 
acetylhexosamines, and reducing groups as previously described. The 

data in Table IV shows the product to be MaohNAe ts uCaneneanen cider The 
presence of a free reducing group on muramic acid and the lack of UV- 
absorbing properties confirmed that the nucleotide diphosphate portion 

had been removed. Since the yield of Minnie + Conencapepetde was confirmed 
to be about 400 nmoles by chemical assay, no dilution of the specific 
activity of the nucleotide substrate had occurred. 

2. Non-Radioactive Products. During the purification of MurNAc- 

pC osenrapepeide by gel filtration, some non-radioactive, UV-absorbing 
material was detected. Chromatography of Hiendes Co pencaveseide in 
solvent A also separated out UV-absorbing non-radioactive contaminants. 
This UV-absorbing material was eluted from the chromatograms, combined 
with the fractions from gel filtration and lyophilized. Chromatography 
of this material in solvents A and B indicated that two separate compounds: 
UMP and uridine were present. The identity of these materials was confirmed 
by co-chromatography with known standards. The presence of uridine is 
explicable as a product of degradation of UMP by the phosphomonoesterase 


which M. sodonensis elaborates (Berry and Campbell, 1970; Mills and Campbell, 


e 


1974). 


C, Characteristics of Pyrophosphatase Activity. All pyrophosphatase 


assays used 70 ul of stationary-phase membrane suspension as a source of 
enzyme. 

ar F 2+ 

1. Effects of Mg” . The requirement of pyrophosphatase for Mg 


was tested by incorporating MgCl, into the standard pyrophosphatase assay 
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TABLE VI 


COMPOSITION OF PRODUCT OF PYROPHOSPHATASE ACTIVITY 


ON #DP-MarNAc— C-pentapeptide 


Component Amount * 
Glutamic acid ERY 
Alanine 1330 
Lysine 423 


Soluble-N-acetyl- 
hexosamine 370 


Reducing groups 369 


a nmoles per ml 


Molar Ratio 


1.00 


3.30 


1.06 


0.93 


0.93 


~90-— 
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system at final concentrations ranging from zero to 130 mM (Figure 17). 
Like the transglycosidase enzyme system, pyrophosphatase had a definite 
requirement for Meo with maximum activity occurring at concentrations 
ranging from 42 to 84 mM. No extreme sensitivity to high tea 
concentrations was detected. 

The effect of Meo when present during preparation of membrane 
Suspensions, was tested by incorporating MgCl, into the TME buffer at 
concentrations varying from zero to 50 mM (Figure 18). The inactivating 
effect of Meo on trans¢lycosidase activity when present during membrane 
preparation was also seen to a lesser extent for pyrophosphatase activity 
where a 55 percent loss of activity was observed at 50 mM cae 

2. Effect of pH. The effect of pH on pyrophosphatase activity was 
determined by varying the pH of the Tris buffer in the standard assay 
system from 7.0 to 9.0 (Figure 19). The enzyme was found to be most 
active in the pH range of 8.0 to 9.0 ee an activity observed at 
a pH of 8.5. This unusually high pH optimum is characteristic of both 
transglycosidase and pyrophosphatase activity. 

3. Effect of Temperature. The effect of temperature on pyrophosphatase 
activity was tested using standard reaction mixtures incubated at temperatures 
in the 20 to 40°C range (Figure 20). Pyrophosphatase activity was less 
sensitive to temperature changes than transglycosidase activity. Optimum 
activity was at 25°C rather than 30°C. 

4. Effect of Uridine and Related Nucleotides. Several end products 
or related compounds were tested for their effect on pyrophosphatase 


activity (Table VII). Twenty five nmoles of uridine, UMP, UDP, and UDP- 


glucose was added to a normal pyrophosphatase assay system and mixed well 
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FIGURE 17 


EFFECT OF tea ON PYROPHOSPHATASE ACTIVITY OF STATIONARY-PHASE 


MEMBRANE SUSPENSIONS OF M. SOQDONENSIS 


Pyrophosphatase activity was measured in assay systems containing 
varying concentrations of MgCl. Activity was expressed as the percent 
of total radioactivity incorporated into MurNAc-peptide (Rf = 0.6). 


Details of the standard pyrophophatase assay system used are given in 


Materials and Methods. 
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FIGURE 18 


Dar 
EFFECT OF PRESENCE OF Mg DURING PREPARATION OF MEMBRANE 


SUSPENSIONS ON RESULTING PYROPHOSPHATASE ACTIVITY 


Stationary-phase membrane suspensions, prepared using TME 


buffer containing varying concentrations of MgCl, were assayed for 


2 
pyrophosphatase activity under standard assay conditions. Activity 


was expressed as percent of total radioactivity incorporated into 


MurNAc-peptide. 
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FIGURE 19 


EFFECT OF pH ON PYROPHOSPHATASE ACTIVITY OF STATIONARY-PHASE 


MEMBRANE SUSPENSIONS OF M. SODONENSIS 


Pyrophosphatase activity was measured at pH values ranging from 
7.0 to 9.0, and activity was expressed as percent of total radioactivity 


incorporated into MurNAc-peptide. 
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FIGURE 20 


EFFECT OF INCUBATION TEMPERATURE ON PYROPHOSPHATASE ACTIVITY OF 


STATIONARY-PHASE MEMBRANE SUSPENSIONS OF M. SODONENSIS 


Five pyrophosphatase assays were set up and incubated at temperatures 
between 20 and 40°C. Activity was expressed as percent of total radio- 


activity incorporated into MurNAc-peptide. 
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TABLE VII 


EFFECT OF URIDINE AND RELATED NUCLEOTIDES ON 
PYROPHOSPHATASE ACTIVITY IN MEMBRANE 


SUSPENSIONS OF M. SODONENSIS 


Additions. Mar hen os Conentanepetdes % Inhibition 
(25 nmoles) produced 
None Sia 0 
Uridine 39.8 0 
UMP 11.4 69.4 
UDP Ded cohen 
UDP-glucose 23.1 Syifo w) 


: 14 
a Percent of total radioactivity incorporated into MurNAc- C-penta- 
peptide. 
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before the suspension was added. Each assay was incubated for 

3 hours at 25°C and chromatographed in solvent A. UMP, the proposed 
end product was the most effective inhibitor tested, while uridine and 
UDP had almost no effect. UDP-glucose was moderately effective as an 
inhibitor. 

5. Effect of Presence of UDP-GlcNAc. The proposal that pyrophos- 
phatase and transglycosidase activities are competing systems, regulated 
by the availability of UDP-GlcNAc, was tested by measuring the effect 
of varying concentrations of UDP-GlcNAc on the resultant distribution 
of the two activities. The results in Figure 21 show that pyrophosphatase 
activity varies inversely with the amount of UDP-GlcNAc present. UDP-GlcNAc 
was incorporated into the normal pyrophosphatase assay system in amounts 
varying from 0 to 20 nmoles. Each reaction mixture was chromatographed, 
and the amount of radioactivity in both peptidoglycan and MNEs 
pentapeptide was measured. When the ratio of UDP-GleNAc/UDP-MurNAc-1*¢- 
pentapeptide equalled or exceeded 1, transglycosidase activity was maximal 


and pyrophosphatase activity was minimal. 


IV. Solubilization of Transglycosidase and 


Pyrophosphatase Activities 


Three methods commonly used to solubilize membrane or cell wall 
associated enzymes were used in an attempt to release transglycosidase and 
pyrophosphatase in an active form. Details of each procedure are given 


in Materials and Methods. No completely satisfactory method of 
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FIGURE 21 


EFFECT OF UDP-GlcNAc ON DISTRIBUTION OF PYROPHOSPHATASE AND 
TRANSGLYCOSIDASE ACTIVITIES IN STATIONARY-PHASE 


MEMBRANE SUSPENSIONS OF M. SODONENSIS 


Increasing amounts of UDP-GlcNAc were added back to a normal 
pyrophosphatase assay system (containing 12 nmoles of UOP-MurNAce- ‘(C2peneam 
peptide). Both pyrophosphatase and transglycosidase activities were 
measured for each amount of UDP-GlcNAc and expressed as percent of total 


radioactivity incorporated into MurNAc-peptide and peptidoglycan respectively. 


transglycosidase 


Mao  PyoOpIOsMnacace 


cee Ra: abe 
paypjodioouy Dy, 19 JU9I19q4 


20 


15 


UDP-GIcNAc (nmoles} 


> = 
5 


: mg | ow is i aeons uty 


cond ‘AY at 
1 f } 2, 
w T x “2 fa 
dele a | epee. Bae: 
ss 
men = : 
~~ 
; fe : 
fi 


| ceo lad oa adden ss ‘ 
ito aby Sy. tote es 


1He 


a j eX 
t ral ye Line redbee ; 


by 1% T is 


oe 
ecervhed 
= a o, 7 


rn 


ie s ; i .¢@ oa] 
iy f Ee) oe Ae Pai 7 A 
ba ‘ 2, Fe ; 
re ae a ra MEG nays hd 
; '¥ ; 


7 
4 } 
ei wl oe as 
a i a 
t ~' oil ; 
a ’ F 
% | a bag - 
; ? ee 
a : 
if eas. 
¢ =i E Tha z 


1 biege aiden 


‘ 
; i 


-104- 


solubilization was found (Table VIIL). Triton X-100 treatment caused 
extensive solubilization of membrane material but only about 20 percent 

of both of the activities was found free in the solution. The remaining 

80 percent of both activities was destroyed since the insoluble 

membrane residue was almost inactive. Butanol extraction also caused 
extensive solubilization of the membrane material but little or no activity 
survived the extraction. LiCl extraction, designed primarily for freeing 
cell wall-bound enzymes, caused no apparent change in the amount or 
consistency of the membrane fragments upon centrifugation, but effectively 


destroyed both activities. 


V. Amidase Activity of Exponential-Phase Membrane Suspensions 


Membrane suspensions were prepared from cells in both the 
Stationary and the mid-exponential phases of growth. The cells were broken 
by grinding with plastic beads in an Omi-mixer for 2 min. The resulting 
membrane suspensions were compared for transglycosidase activity using the 
standard assay system described earlier. Unexpectedly, membranes prepared 
from cells in the exponential-phase of growth had much lower levels 
(about 1/3) of transglycosidase activity than membranes prepared from cells 
in the stationary-phase of growth (Figure 22). As well as residual substrate, 
the chromatograms from reaction mixtures containing exponential-phase 
membrane suspensions showed a large peak of radioactivity at an Rf of 0.65 
(Peak III). This peak was almost non-existent in chromatograms from 
reaction mixtures containing stationary-phase membrane suspensions. Although 
this material co-chromatographed with alanine in solvent A, in solvent B 


alanine had an Rf value of 0.5 compared to the unknown peak with an Rf of 
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SOLUBILIZATION OF TRANSGLYCOSIDASE AND PYROPHOSPHATASE ACTIVITIES 


FROM STATIONARY-PHASE SUSPENSIONS 


Solubilization 
Technique 
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FIGURE 22 


TRANSGLYCOSIDASE ACTIVITY IN VITRO OF EXPONENTIAL AND STATIONARY— 


PHASE MEMBRANE SUSPENSIONS OF M. SODONENSIS 


Two transglycosidase reaction mixtures, one containing log membrane 
suspension, and the other stationary membrane suspension, were streaked 
on paper strips and chromatographed 16 hours in solvent A. Distribution 
of radioactive products was determined by cutting the strips into 1 cm 


sections and counting each section in a scintillation counter. 
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0.32. Similarly, this new material was distinguished from Moraes ee 
pentapeptide with an Rf of 0.55 in solvent B. The new peak therefore did 
not result from transpeptidase or pyrophosphatase activity. In an 

effort to demonstrate transpeptidase activity, a special transpeptidase 
reaction mixture was used to assay exponent ial-phase and stationary- 

phase membrane suspensions. The assay system contained ATP, glycine, 

and NH, CL in addition to the normal constituents of a transglycosidase 
assay system. The reaction mixture was also buffered to a pH of 7.8 
instead of 8.6. Using a reaction mixture analogous to this, Mirelman had 
demonstrated transpeptidation in a cell free system from M. luteus 
(lysodeikticus) (Mirelman et al., 1972). No transpeptidase activity 

could be detected in either stationary or exponential-phase membrane 
suspensions of M. sodonensis. In the transpeptidase assay, transglycosidase 
activity was also reduced by about 25 percent for both membrane types when 
compared to a standard transglycosidase assay. 

Mirelman had used this assay system with cell wall rather than 
membrane suspensions as a source of enzyme. In an attempt to duplicate his 
conditions, cell walls were prepared from M. sodonensis celis in the 
exponential-phase of growth as previously described. When 70 ul of a cell 
wall suspension (1 mg protein/ml) was assayed for transglycosidase activity 
it was found to contain 17 percent of the transglycosidase activity found 
in an equal volume of exponential-phase membrane suspension (7 mg protein/ml). 
Based on protein content the exponential-phase cell walls had slightly 
more transglycosidase activity than exponential-phase membranes. Once 


again, no transpeptidase activity (as evidenced by release of D alanine) 


could be detected in these preparations, 
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A. Characterization of Amidase Activity. To investigate the possibility 


that the unknown compound (Figure 22, Peak III) was the result of peptido- 
glycan breakdown, peptidoglycan was synthesized in vitro using stationary- 
phase membrane suspensions in a normal transglycosidase assay system. 
Incubation at 30°C for 3 hours resulted in about 5 nmoles of MUENACE = 4C- 
pentapeptide being incorporated into peptidoglycan. The entire reaction 
mixture was then boiled for 1 min, cooled, and 70 ul of exponential-phase 
membrane suspension was added. Incubation in the presence of these 
exponential-phase membranes for an additional 3 hours at 30°C resulted in 
conversion of 25 percent of the in vitro synthesized peptidoglycan to the 
unknown material seen previously (Figure 23). This explains the deceptively 
low levels of transglycosidase activity detected in exponential-phase 
membrane suspensions. It was established that rate of peptidoglycan synthesis 
was approximately equal for both exponential phase and stationary-phase 
membrane suspensions, but in the former case the in vitro synthesized 
peptidoglycan was subsequently being degraded as fast as it was synthesized. 
B. Identification of the Amidase Product. The product of this peptido- 
glycan degrading enzyme was prepared in larger amounts for purification 

and analysis. A type 1 amidase assay was used, and by scaling up to 50 fold, 
roughly 210,000 dpm of WDESMrwAe = Copeneapenttce was converted to product. 
The freely soluble product was separated from the membrane fragments by 
centrifugation at 48,000 xg for 45 min. The supernatant was then lyophilized 
and resuspended in a 2 ml volume of water for chromatography on a Sephadex 
G-25 column, The 5 ml fractions were monitored for radioactivity and 
positive fractions were pooled, lyophilized and streaked onto paper strips 


for chromatography in solvent A, Radioactive material with no UV-absorbing 
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FIGURE 23 


ACTION OF AMIDASE-CONTAINING EXPONENTIAL-PHASE MEMBRANE SUSPENSIONS ON 


IN VITRO SYNTHESIZED PEPTIDOGLYCAN OF M. SODONENSIS 


Peptidoglycan was synthesized in vitro by stationary-phase membrane 
suspensions of M. sodonensis and then exposed to the amidase activity 
contained within exponential-phase membrane suspensions. After amidase 
exposure, the complete reaction mixture was streaked on a paper strip and 
chromatographed in solvent A. Radioactive products were detected by cutting 
the strip into 1 cm sections and counting each section in a scintillation 


counter. 
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properties was detected at an Rf of 0.65. The material was eluted from 
the papers and rechromatographed in solvent B. The active material, Rf of 
0.32, was again eluted and desalted. The final yield of purified product 
was 157,000 dpm. This material was resuspended in 1 ml of water which 
would give a solution of 225 nmoles of ee i neRr even ene product per ml, 
assuming that no dilution of the specific activity of the nucleotide 
substrate had taken place. Chemical assays for soluble N-acetylhexosamines, 
and total amino acids were performed as previously described. The 

results showed the product to be free a copeneapencide (Table IX). The 
peptide product contained no detectable N-acetylhexosamine. Glutamic 

acid and lysine were present in approximately equimolar amounts at 322 and 
310 nmoles respectively. Taking their average, 316 nmoles, to be the yield 
of ecCepentanepride: the specific activity of the peptide product was 
calculated to be 500 dpm/nmole. Alanine was present in the peptide 

product but at a molar ratio of 2.43 compared to 3.2 in the original substrate. 
The UeGonentapepriae product also differed from the original nucleotide 
substrate in that it contained glycine at a molar ratio of 0.30. The 
degradative enzyme activity was identified as an N-acetylmuramyl-L alanine 
amidase. 

C.. Substrate Specificity. The ability of the exponential-phase membrane 
amidase to attack substrates other than peptidoglycan was investigated. 

The amidase will readily degrade peptidoglycan synthesized in vitro ina 
transglycosidase assay system employing exponential-phase membrane 
suspensions, as was seen in Figure 22. However if UDP-GlcNAc was omitted 
from such a system so that peptidoglycan biosynthesis could not occur, 


14 ; 
there was also no evidence of amidase activity. UDP-MurNAc- C-pentapeptide 
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TABLE IX 


COMPOSITION OF THE PRODUCT OF AMIDASE ACTION ON 


IN VITRO SYNTHESIZED PEPTIDOGLYCAN 


a : 
Component Amount Molar Ratio 


Soluble N-acetyl- 


hexosamine 0) = 
Glutamic acid B22 E200 
elyeins. 90 0.30 
Alanine 784 2.43 
Lysine 310 0.96 


nmoles per ml. 


$0) 


Since in vitro synthesized peptidoglycan contains no glycine, 
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contaminating in vivo synthesized peptidoglycan must also be under- 


going attack by the amidase. 
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alone was unable to serve as an amidase substrate, even though the 
sensitive muramyl-L alanine bond was present. If purified Mave rcs 
pentapeptide, rather than the nucleotide, was used as a substrate the 
amidase was still unable to cleave the muramyl-L alanine bond. 

Similarly, if in vitro synthesized peptidoglycan was first 
degraded by lysozyme to form a mixture of disaccharide-peptide and 
tetrasaccharide-peptide fragments, the muramyl-L alanine bonds in these 
fragments were no longer susceptible to amidase attack. The experiment was 
set up as follows. Peptidoglycan was synthesized in vitro using stationary- 
phase membrane suspensions in 3 separate transglycosidase assays. After 
boiling for 1 min to stop the reactions, 100 ug of lysozyme was added to 
two of the reaction mixtures. Sodium azide was added to all three reaction 
mixtures (0.02%) and all were incubated 20 hours at 37°C. After again boiling 
for 1 min to inactivate the lysozyme, 70 ul of exponential-phase membrane 
suspension was added to one of the lysozyme digests; 70 ul of TME buffer 
was added to the other lysozyme digest, and also ta the control which was 
not exposed to lysozyme. After another 3 hour incubation at 30°C, all 
three reaction mixtures were streaked onto paper strips and chromatographed 
in solvent A. Amidase-containing exponential-phase membrane suspensions 
were unable to use either of the lysozyme digestion products as substrates 
(Figure 24). Lysozyme digestion completely degraded in vitro synthesized 
peptidoglycan and also caused a slight increase in the amount of free 
pentapeptide over that seen in a normal transglycosidase assay system. 

This may be due to a low level of contaminating amidase activity. The 
subsequent addition of exponential-phase membranes to a lysozyme digested 


transglycosidase system increased the amount of free pentapeptide, but 
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FIGURE 24 


EFFECT OF LYSOZYME DIGESTION OF IN VITRO SYNTHESIZED PEPTIDOGLYCAN 
ON ITS SUSCEPTIBILITY TO AMIDASE ACTIVITY OF EXPONENTIAL- 


PHASE MEMBRANES OF M. SODONENSIS 


Peptidoglycan was synthesized in vitro by stationary-phase membrane 
suspensions of M. sodonensis and then digested completely with lysozyme 
before being exposed to the amidase activity contained within exponential- 
phase membrane suspensions. After amidase exposure, the complete reaction 
mixture was streaked on a paper strip and chromatographed in solvent A. 
Radioactive products were detected by cutting the strip into 1 cm sections 


and counting each section in a scintillation counter. 
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this increase was paralleled by a decrease in the amount of free residual 
substrate. No change could be seen in the levels of lysozyme digested 
peptidoglycan products (Peaks III and IV). The residual substrate had 
been used by the exponential-phase membrane suspension to synthesize more 
peptidoglycan and the amidase digestion of this peptidoglycan caused 

the increase in the level of free pentapeptide. 

In vitro synthesized peptidoglycan is a heterogeneous product 
with respect to "solubility" and precipitability by TCA. The distribution 
of "soluble" versus "insoluble" and TCA soluble versus TCA precipitable 
fractions was compared before and after exposure to amidase (Table X). 

In each case a type 1 amidase assay was used. After exposure to 
exponential-phase membranes, the "solubility" and TCA precipitability of 
the residual peptidoglycan was determined as described previously. 

Amidase digestion preferentially removes the "soluble" peptidoglycan 
species. Residual peptidoglycan is enriched in "insoluble" and TCA 
precipitable material. This is most obvious in the case of TCA 
precipitable material which is increased from 39 to 52 percent of the 
peptidoglycan upon amidase digestion. 

D. Location and Function of Amidase Within the Cell. Cell wall 
preparations, isolated from cells in the exponential-phase of growth were 
separated from membranes and whole cells by differential centrifugation 

as described previously. The resulting cell wall suspension was an opaque 
yellow color. Since the yellow color of M. sodonensis is due to a membrane- 
associated carotenoid pigment while the cell wall itself is colorless, 
this indicated that the cell wall fragments contained attached membranous 


material. When the cell wall preparation was assayed for amidase activity 
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TABLE X 


EFFECT OF AMIDASE DIGESTION ON "SOLUBILITY" AND TCA PRECIPITABILITY 


OF IN VITRO SYNTHESIZED PEPTIDOGLYCAN 


Material Composition of In Vitro Synthesized Peptidoglycan® 
pocarcc Before Amidase After Amidase 
Digestion Digestion 


48,000 xg pellet 
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using a type 1 amidase assay it was found to be very active. 
Exponential-phase cell walls released 23.8 nmoles of free Le eenantaneptide 
per hour per mg of protein, while exponential-phase membranes released 

2.0 nmoles of free se Capentapenaide per hour per mg of protein. Even 
though the cell wall suspensions necessarily contained large amounts of 
unlabelled peptidoglycan, the amidase preferentially attacked the added 

in vitro synthesized peptidoglycan. 

The question as to whether the amidase of M. sodonensis 
functions as an autolysin or in crossbridge suena was examined. Both 
exponential-phase and stationary-phase whole cells were harvested, washed 
once in ice cold TME buffer and then resuspended in TME buffer to an optical 
density at 600 nm of 0.5. The cell suspensions were then incubated at 30°C 
and changes in optical density were followed for 6 hours. Both types of 
cell suspension were found to be equally resistant to autolysis even 
though stationary-phase cells yield membranes and cell walls which are 
almost devoid of amidase activity while exponential-phase cells yield 
membranes and cell walls with high levels of amidase activity (Figure 25). 
This lack of correlation between presence of amidase and autolysis seems 
to negate such an in vivo role for the enzyme. 

Even isolated exponential-phase cell walls exhibited only very 
slight autolytic activity (change in ODeo0 = 21 percent in 6 hours). 

E. Purification of Amidase Activity. 

1. Solubilization of the Amidase. Three methods of solubilization, 
Triton X-100 treatment, butanol extraction, and LiCl extraction (details 
given in Materials and Methods), were used in an attempt to release 


amidase activity from membrane suspensions containing 7 mg protein/ml and 
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FIGURE 25 


AUTOLYSIS OF EXPONENTIAL-PHASE CELLS, STATIONARY-PHASE CELLS, AND 


ISOLATED EXPONENTIAL-PHASE CELL WALLS OF M. SODONENSIS 


Exponential-phase cells, stationary-phase cells, and 
isolated exponential-phase cell walls were washed and resuspended in 
TME buffer to an optical density at 600 nm of approximately 0.5. 
Change in optical density of the suspensions was followed during 


incubation at 30nce 


stationary-phase cells 


exponential-phase cells 


sosszeseensessenss: Exponential-phase cell walls 
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cell wall suspensions containing 1 mg protein/ml. Unlike the situation 
with transglycosidase and pyrophosphatase, all three methods successfully 
solubilized amidase activity from both membranes and cell walls with no 
loss of activity (Table XI). 

a. Triton X-100 treatment solubilized 82.7 percent of the 
initial amidase activity of the whole membrane suspension. The dark 
brown residual membrane material contained 63.3 percent of the initial 
activity for a total recovery of 146 percent. This overall increase in 
activity was observed for the other two methods of solubilization as well 
and indicated that tne forces which hold the amidase to the membrane or 
cell wall also restrict its activity. Treatment of cell walls with 12% 
Triton X-100 caused them to lose their yellow color as the associated 
membrane material was solubilized. The clear yellow supernatant contained 
82 percent of the initial activity and total activity again increased 
upon solubilization. Triton X-100 treatment had the disadvantage that it 
also solubilized the highest amount of total protein. The enzyme-containing 
Triton extract also contained carotenoid pigments and other lipid materials. 
Another disadvantage of Triton X-100 was that it caused partial 
solubilization of the transglycosidase and pyrophosphatase activities 
also present in exponential-phase membranes and cell walls. 

b. Butanol extraction of cell wall and membrane suspensions 
also caused solubilization of high levels of amidase activity with an 
overall increase in activity upon solubilization. Butanol extraction 
however solubilized less total protein than Triton X-100 treatment and 


carotenoid pigments were removed into the butanol layer. Other lipid material 


was extracted into the butanol or trapped at the butanol-water interface. 
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c. LiCl extraction. The most successful solubilization method 
used involved washing or extracting the membranes or cell walls with 6 M 
LiCl in 1 M Tris HCl, pH 8.0. The resulting extracts contained 60 percent 
and 77.5 percent respectively of the initial amidase activity, which did 
not represent as great a degree of solubilization as the other two methods 
but the extracts contained very low levels of contaminating protein when 
compared to the other two methods. The LiCl extracts were also functionally 
pure since neither transglycosidase nor pyrophosphatase activities will 
withstand LiCl extraction. 

2. Sephadex G-200 Column Chromatography. Cell wall and membrane 
suspensions were prepared from 2.4 1 batches of exponential-phase cells. 
The yield was 10.8 ml of membrane suspension and 12 ml of cell wall sus- 
pension at 7 mg protein/ml and 1 mg protein/ml respectively. Amidase 
activity was solubilized from each of these preparations using LiCl ex- 
traction. The dialysed extracts from each were lyophilized and resuspended 
in 2.5 ml of water. The concentrates were then applied separately to a 
Sephadex G-200 colum (2.5 x 45 cm). The column was equilibrated and 
eluted with TME buffer at 4°C (Figure 26). Five ml fractions were 
collected and absorbance at 280 nm was monitored. A 100 ul sample of 
each positive fraction was assayed for amidase activity using a type l 
amidase assay. Disappearance of radioactivity from the origin of the 
chromatograms was used as a measure of amidase activity. Both membrane 
and wall derived amidase activities eluted in the void volume of the 
column indicating that the enzyme, or enzyme containing complex which was 


solubilized was of large molecular weight. 


LiCl extraction is normally used to solubilize cell wall-bound 
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FIGURE 26 


PARTIAL PURIFICATION OF SOLUBILIZED MEMBRANE AND CELL WALL 


DERIVED AMIDASES OF M. SODONENSIS BY GEL FILTRATION 


Amidase activity was solubilized from exponential-phase 
membranes and cell walls by LiCl extraction as given in the text. 
The extracts were applied separately to a Sephadex G~-200 column 
(25595 45 acm) se nie ee was equilibrated and eluted with TIME buffer, 
and 5 ml fractions were collected. Absorbance at 280 nm was monitored 
and 100 wl amounts of positive fractions were assayed for amidase 


activity in a type 1 amidase assay. 


A. Membrane derived amidase 


B. Cell Wall derived amidase 
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enzymes. In case the LiCl treatment had not extracted the typical membrane 
amidase, a second batch of membrane derived amidase was prepared by 
butanol extraction. Chromatography of this material on a Sephadex G-200 
column again showed all the amidase activity eluting in the void volume. 
The membrane and wall amidases are similar in that their soluble forms 

are both of very large molecular weight. 

3. Further Purification of Solubilized Amidase. DEAE cellulose column 
chromatography using a NaCl gradient for elution was not successful in 
further purifying the membrane or cell wall derived amidases. Samples 
of partially purified wall and membrane derived amidases, following 
Sephadex G-200 chromatography, were applied to a DEAE cellulose column 
(2.5 x 20 cm). The column was eluted with increasing concentrations of 
NaCl in TME buffer and fractions were assayed for amidase activity using 
a type 1 amidase assay. The presence of NaCl in the assay system was 
found to markedly affect the Rf values of substrates and products upon 
Giromatoeraphy. Free ie Gopentaeetade ran closer to the origin with increasing 
concentrations of NaCl, and peptidoglycan smeared away from the origin. 
Low concentrations of NaCl, 0.1 M, in the assay system did not appear to 
affect the actual production of free toe en apenti dee but higher NaCl 
concentrations, 0.5 M, caused complete inhibition of amidase activity. 

Ammonium sulfate precipitation was also unsuccessful as a method 
of purifying the amidase activity. Ammonium sulfate was gradually added 
to amidase solutions at 4°C. The degree of saturation was increased 
stepwise, 20% at a time, and precipitated protein was collected after 
each increase. The precipitates were dialysed extensively against TME 


buffer before being assayed for amidase activity but no activity was recovered. 
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F. Characteristics of Solubilized Cell Wall and Cell Membrane Derived Amidases. 
The amidase containing fractions from Sephadex G-200 column chromatography 
were used as partially purified sources of amidase for further comparison 
of the properties of the membrane and cell wall derived enzymes. These 
amidase containing fractions were pooled and concentrated to a 5 ml volume 
by ultrafiltration using an Amicon PM 10 filter. No amidase activity from 
either preparation passed through the filter. The concentrated membrane 
amidase contained 0.267 mg protein per ml and the cell wall amidase contained 
0.056 mg of protein per ml. 

1. Action of Amidase on Purified Cell Walls. The partially purified 
wall and membrane derived amidases were compared to the whole cell wall 
and membrane suspensions in their ability to degrade highly purified cell 
walls. The highly purified cell walls were isolated from stationary-phase 
cells of M. sodonensis. Incubation mixtures were set up containing 0.7 mg 
of highly purified cell walls in 70 ul of water, 0.4 ml of 0.875 M Tris HCl, 


pH 8.6, and 0.2 ml of 0.1-M MgCl One ml volumes of each of four types 


2° 
of amidase were assayed: partially purified membrane derived amidase 
(0.267 mg protein/ml), partially purified wall derived amidase (0.056 mg 
protein/ml), exponential-phase membrane suspension (7 mg protein/ml), and 
exponential-phase cell wall suspension (1 mg protein/ml). For each of the 
four types of amidase preparation a control incubation mixture was set 

up in which 70 yl water replaced the highly purified cell walls. The 
assays and controls were incubated 3 hours at 30°C and then boiled 1 min 

to stop the reaction. Assays and aa were then centrifuged for 45 min 
at 48,000 xg, and the supernatants were desalted on a Sephadex G-15 column 


(1.5 x 30 cm). All fractions from the void volume to a Kav of 0.85, where 


the salt begins to elute, were pooled and lyophilized. The dried material 
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was resuspended into 200 ul of distilled water and assayed for N 
terminal alanine as described in Materials and Methods (Table XII). 

By analysis the 0.7 mg amount of Highly purified cell walls used 
as substrate in each incubation contained about 50 nmoles of the. 
susceptible N-acetylmuramyl-L alanine linkage and no detectable free N 
terminal alanine (Johnson, 1971). The 1 ml amount of each amidase 
preparation used was chosen as an amount capable of peices in excess 
of 50 nmoles of free iC pemaaneret ae from in vitro synthesized peptidoglycan 
as measured in a type 1 amidase assay. The membrane derived partially 
purified amidase preparation was however found to have lost activity upon 
freezing at ~ 70°C. One ml of this preparation after freezing was 
capable of causing the release of only 25 nmoles of free i Cebentapepeide 
from in vitro synthesized peptidoglycan. The observed release of 53.4 
nmoles of N terminal alanine by cell wall derived amidase and 24.2 nmoles 
by membrane derived amidase indicated that soluble amidases can attack 
crosslinked cell wall peptidoglycan as readily as they can attack in vitro 
synthesized peptidoglycan. Membrane and cell wall bound amidases caused 
no release of N terminal alanine above background. 

2. Action of Amidase on In Vitro Synthesized Peptidoglycan Fractions. 
The ability of both the soluble and bound forms of exponential-phase 
membrane and cell wall amidases to attack fractionated, in vitro 
synthesized peptidoglycan was examined (Table XIII). The peptidoglycan 
fractions were the large and small molecular weight species of "soluble" 
and "insoluble" peptidoglycan which resulted from Sephadex G-200 
chromatography (Figure 10, Peaks I and II). Each of the four fractions of 


peptidoglycan was digested with both the soluble and bound forms of cell 
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TABLE XII 


DIGESTION OF PURIFIED CELL WALLS OF M. SODONENSIS BY AMIDASE 


Amidase N-Terminal* N-Terminal® N-Terminal® 

Source Alanine Alanine Alanine Speci- 
Released in Released in fically Released 
Test (substrate Control (no by Added Amidase 
added) substrate added) 


Partially purified 
Membrane derived 83.6 SY ge 262 
extract 


Partially purified 
Cell wall derived 
extract 60,8 73a 53.4 


Exponential-phase 
membrane suspension 46.3 46.9 0 


Exponential-—phase 
cell wall suspension 111.6 109.7 Sees 


a nmoles 
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TABLE XIII 


DIGESTION OF FRACTIONATED IN VITRO SYNTHESIZED 


PEPTIDOGLYCAN BY AMIDASE 


Substrate Relative Amidase Activity® 
Partially Exponential- Partially Exponential- 
purified phase purified phase 
Membrane Membrane Cell Wall Cell Wall 
derived Suspension derived Suspension 
Extract Extract 


"Soluble" large 
molecular weight 100 100 100 100 
peptidoglycan 


"Soluble" small 
molecular weight 81 Was 67 30 
peptidoglycan 


"Insoluble" large 
molecular weight 5k 83 80 75 
peptidoglycan 


"Tnsoluble" small 

molecular weight 87 82 87 59 
peptidoglycan 

he ae oh be te pele ae belo Sen eae Se ae 
a Amidase activity against "soluble" large molecular weight peptido- 


glycan was arbitrarily assigned a value of 100 and activity against 
the other three peptidoglycan species was expressed relative to that. 
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wall and cell membrane amidase using a type 2 amidase assay. Amounts of 
peptidoglycan which contained 900 dpm each of radioactivity were used 
for each assay. The peptidoglycan samples were boiled for 1 min before 
use. In a trial run, the amounts of exponential-phase membrane 
suspension, exponential-phase cell wall suspension, membrane derived 
amidase, and cell wall derived amidase required to give partial degra- 
dation (50-60 percent) of "soluble" large molecular weight peptidoglycan 
was determined. Fifty ul of membrane suspension (3.5 mg eed ne 

50 ul of cell wall suspension (0.04 mg protein/ml), 50 ul of membrane 
derived amidase (0.089 mg protein/ml), and 50 ul of cell wall derived 
amidase (0.007 mg protein/ml) were found to be the appropriate amounts 
and dilutions required. These amounts were then tested for their ability 
to degrade the other three types of peptidoglycan fractions. The amount 
of radioactivity removed from the origin of the chromatograms relative 
to a control was used as a measure of amidase activity. The amidase 
activity against "soluble" large molecular weight peptidoglycan was 
arbitrarily assigned a value of 100 and activity against the other three 
peptidoglycan species was related to that value. 

Membrane and cell wall forms of amidase, both soluble and bound, 
differ in their ability to attack these different peptidoglycan species. 
The "soluble", large molecular weight peptidoglycan was most readily digested 
by all amidase types. The cell wall suspension was not very successful 
at digesting small molecular weight species of peptidoglycan. In particular 
the "soluble" small molecular weight peptidoglycan was digested only 30 
percent as well as the "soluble" large molecular weight peptidoglycan. 


This is significant since "soluble" small molecular weight material makes 
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up the bulk of in vitro synthesized peptidoglycan. The solubilized form 
of cell wall amidase was also less well able to attack this small 
molecular weight material than was the solubilized form of membrane 
amidase. Membrane amidases were generally much more capable of digesting 
small molecular weight peptidoglycan. 

Samples of peptidoglycan containing 900 dpm of radioactivity 
were used in this experiment. The hexosamine content of these peptido- 
glycan fractions suggested that these samples contained very different 
amounts of peptidoglycan because of the contribution of unlabelled peptido- 
glycan. The amidase digestion studies did not show such a wide variation 
in ability to degrade the various species. This suggests that the amidases 
are attacking the labelled in vitro synthesized peptidoglycan which is 
present in equal amounts in preference to the unlabelled pre-existing 
peptidoglycan. Even though the solubilized membrane and wall derived 
amidases can attack in vivo synthesized crossbridged peptidoglycan they 


appear to prefer the in vitro synthesized uncrosslinked material. 
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DISCUSSION 


DEPEMCNAGeL) Conentapentade, accumulated by M. sodonensis 
under conditions of cation deprivation, was found to be typical of that 
accumulated by other related Gram-positive cocci including M. lysodeikticus 
(Bordet and Perkins, 1970). The nucleotide precursor was UV-absorbing 
due to the presence of UDP and contained N-acetylhexosamine, glutamic 
Beidselysine sand, alanine in aimolar.ratio,o£ 1.00 0..99: 1.04: 3.2. 
Glycine, a normal substituent on the a carboxyl groups of glutamic 
acid residues in the native cell wall peptidoglycan of M. sodonensis was 
not present in the precursor. It appears that for this as for analogous 
systems, glycine is not a constituent of the nucleotide precursor 
accumulated intracellularly, but rather it is added to the substituent 
peptide while the latter is attached to the carrier lipid. UDP-MurNAc- 
pentapeptide can be induced to accumulate in S. aureus by adding anti- 
biotics which inhibit peptidoglycan formation to the growth medium. 
M, sodonensis would not accumulate UDP-MurNAc-pentapeptide or related 
precursors when exposed to penicillin, cephaloridine, or cycloserine at 
growth inhibitory concentrations. This failure to accumulate UDP-MurNAc- 
pentapeptide has also been noted in other organisms such as E. coli 
and Bacillus cereus. UDP-MurNAc-pentapeptide is the last intracellular 
precursor of peptidoglycan and is suggested to be involved in control of 
the biosynthetic pathway. The inability of E. coli and B. cereus to 
accumulate this precursor has been postulated to be due to feedback 
inhibition by UDP-MurNAc~pentapeptide on UDP-GlcNAc-enol pyruvyl-transferase 


and has been demonstrated in vitro (Venkateswaran et al., 1973). S. aureus 
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would presumably lack such a control mechanism. UDP-MurNAc-penta- 
peptide can however be induced to accumulate in a wide range of 
organisms, including E. coli, B. cereus, and M. sodonensis by the 
addition of a chelating agent such as EDTA to the growth medium 
(Garrett, 1969). The resulting deprivation of divalent cations prevents 
all of the membrane bound and extracellular stages of peptidoglycan 
biosynthesis from occurring since all require Meal asna Cotactor. 7CL£ 
feedback inhibition is the mechanism responsible for preventing the 
accumulation of UDP-MurNAc-pentapeptide upon exposure to antibiotics, 
then it should also prevent accumulation due to cation deprivation. A 
further weakness in this theory is that B. cereus shows a variable 
response to antibiotic exposure, accumulating UDP-MurNAc-pentapeptide when 
exposed to vancomycin but not to penicillin. Some additional mechanism 
for controlling the accumulation of UDP-MurNAc-pentapeptide must exist. 

The UDPEMUENAcEs *cepencamepedde produced by M. sodonensis was 
found to be a substrate for transglycosidation in an in vitro system 
when the other necessary substrates and cofactors were present. Glycine 
incorporation was not necessary for transglycosidation in vitro. In the 
absence of added glycine the peptidoglycan produced had free a carboxyl 
groups on the glutamic acid residues. 

The methods of cell breakage used during preparation of cell 
membrane suspensions had an important effect on the resulting transgly- 
cosidase activity. Integrity of the membrane was essential for transgly- 
cosidase activity, as evidenced by the observation that the more harsh 
the method of cell disruption, the less transglycosidase activity which 


survived. Membrane yield however was reduced in the gentler methods of 
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cell disruption due to incomplete cell breakage. Membrane suspensions 
produced by grinding cells with plastic beads for short periods had 

high levels of transglycosidase activity indicating a fairly intact 
membrane structure. These membrane suspensions appeared free from 

whole cells and cell walls upon electron microscopic examination. While 
no gross contamination with cell walls could be detected, the in vitro 
peptidoglycan synthesized using these membrane suspensions was contaminated 
by unlabelled cell wall material as evidenced by its high hexosamine 
content and low specific activity. This unlabelled cell wall material 
must have been introduced with the membrane suspension Since all other 
components of the transglycosidase assay system are defined. In order 

to withstand the buffer washes to which membrane fragments were exposed, 
the unlabelled cell wall material must have been attached to the membrane 
fragments. Some of it may represent peptidoglycan that was being 
synthesized at the time of cell breakage. 

Membranes prepared from cells broken by partial lysozyme digestion 
and passage through a French pressure cell lacked transglycosidase activity. 
Since these membrane suspensions could still synthesize small amounts 
of lipid intermediates and demonstrated low levels of pyrophosphatase 
activity it appeared that the individual enzymes of the transglycosidase 
system were still active but that the overall organization necessary to 
bring about transglycosidation was lacking. 

Succinic dehydrogenase and NADH dehydrogenase activities are 
membrane bound enzymes that are much less sensitive to cell breakage 
methods. The spatial arrangement of these enzymes must be less critical 


since membranes completely devoid of transglycosidase activity, destroyed 
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mechanically, still had high levels of both of these activities. 

Transglycosidase activity, detected in the cell free system 
from M. sodonensis was very similar to the transglycosidase activity 
described for such systems from other organisms. The major transglyco- 
Sidase product, peptidoglycan, was immobile in both solvent systems used 
but did show some tendency to smear in solvent A. In this solvent, 
peptidoglycan was present in greatest amount at the origin but significant 
amounts, 5-10 percent, spread as far as 4 cm away from the origin. 
Spreading is a characteristic of uncrosslinked peptidoglycan caused by 
the increased solubility of the material. In vitro systems from E. coli 
capable of synthesizing crosslinked peptidoglycan normally produce a 
very condensed product which will not move from the origin of the 
chromatogram. When penicillin is added to the reaction mixture to 
prevent crosslinking, a spreading product is formed which smears away 
from the origin (Izaki et al., 1968). 

Other criteria commonly used to measure transpeptidation also 
indicated that the peptidoglycan produced by M. sodonensis in the in 
vitro assay was uncrosslinked. Free alanine was not produced during 
the course of peptidoglycan synthesis and the addition of cephaloridine 
to the assay system had no effect on the peptidoglycan product. 
Cephaloridine is a 8 lactam antibiotic and like penicillin it is 
presumed to function by preventing crossbridging. Since the alanine 
residues of UDP-MurNAc-~*c-pentapeptide are radioactively labelled, 
crossbridging, if it occurs, should cause|a release of free labelled 
alanine. The inhibition of crossbridging by cephaloridine should increase 


the amount of radioactivity remaining in the peptidoglycan product by 
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preventing the loss of the C terminal D alanine residue. Cephaloridine 
was used in place of penicillin because of the instability of penicillin 
Lo Iris buifers (Florey et al, 1949; Barnett, 1973). 

Crossbridging has typically been very difficult to demonstrate 
in vitro for organisms with complex peptidoglycan structures involving 
bridge peptides. Transpeptidation must be even more sensitive than 
transglycosidation to disruption of the native spatial arrangement of 
enzymes and substrates. Cell breakage by any technique causes most of 
the cell membrane fragments to become separated from the overlying cell 
wall material. It is at this interface that transpeptidation is presumed 
to take place so the sensitivity to cell disruption is understandable. 
Electron micrographs show that membrane fragments do not retain their 
free edges but tend to form vesicles and pull away from the cell wall. 
An in vitro peptidoglycan synthesizing system has been developed using 
toluene-treated whole cells of B. megaterium. Since this procedure does 
not require mechanical methods of cell breakage, it minimizes spatial 
reorganization of the membrane with respect to wall and allows transpep- 
tidation to take place (Schrader and Fan, 1974). 

Minor products of the transglycosidase assay system included 
carrier lipid bound intermediates as well as small amounts of degraded 
substrate and peptidoglycan. The lipid intermediates which contained 
about 5 percent of the total radioactivity are commonly seen in such 
systems, but degradation products which have arisen enzymatically are 
much less common. These degradation products are due to the low levels 
of pyrophosphatase and amidase activity which are expressed in a 


transglycosidase assay system using stationary-phase membrane fragments. 
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Transglycosidase activity has a high pH optimum which is characteristic 
of transglycosidase activity in other cell free systems as well. The 
optimum temperature for transglycosidase activity was 30°C which 
corresponds with the optimum growth temperature for the organism. This 
correspondence of optimum transglycosidase activity with optimum growth 
temperature has also been noted for M. lysodeikticus where activity and 
growth were both maximal at 37°C. In some other organisms however, 
optimum activity occurred below the optimum growth temperature. S. aureus, 
for example showed maximum transglycosidase activity at 20°C while growth 
was optimal at 37°C. Lipid intermediate formation in iS yaureus,¢in vitro, 
has a temperature optimum of 37°C, but the optimum temperature for the 
total process of transglycosidation is 20°C. It.is therefore the final 
polymerization step (joins disaccharide-peptide units together), with 
a temperature optimum of 20°C, which controls the overall reaction 
(Strominger et al., 1966). 
; ; Peet 2+ 
The requirement of transglycosidase activity for Mg was 
, 14 
typical of other cell free systems and illustrates why UDP-MurNAc-—  C- 
pentapeptide will accumulate under conditions of cation deprivation. 
Sane P ake : on 
Sensitivity of transglycosidase activity to high levels of Mg has also 
been observed in similar cell free systems from E. coli (Izaki et al., 
; pies : 
1968). The deleterious effect of Mg when present during membrane 
preparation may be related to the inhibitory effects of high levels of 
2 5 ees 2+ ‘ 
Mg in the assay system, but this sensitivity to Mg during membrane 
preparation does not appear to be common among other organisms. Cell 
wall techoic acids are postulated to function in the control of divalent 


cations, particularly ae These polymers bind the cations and thereby 
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regulate their concentration in the cell membrane environment (Hughes 
et al., 1973). M. sodonensis is unusual among Gram-positive organisms 
in that it contains no cell wall techoic acids. This may account for 
SORE gy : P 2+ 
the sensitivity of its membranes to high levels of Mg. Membrane 
: ‘ ; Dee 

suspensions of other species survive the presence of Mg ats 10.04, 50 
mM concentrations during preparation with no apparent deleterious effects, 

; : vs , 
but in M. sodonensis, 50 mM Mg’ will completely destroy transglycosidase 
activity. This irreversible inactivation may be caused or accompanied 
by elution of one or more components of the system from the membrane, 
but addition of concentrated supernatant back to inactive membranes 

ee We Orne 2+ : 
cannot restore activity. The inhibitory effect of Mg during membrane 
, ; ; ; : 2: 
preparation can be simulated by washing active membranes with a Mg 
containing buffer. Considerable activity is lost but not as much as 
tay , ; : 
when Mg is present in all stages of membrane preparation. This suggests © 
es ; 

that the presence of Mg at the time of cell breakage may exert some 
additional stress on the membrane transglycosidase system which cannot 
be duplicated merely by washing the membranes. 

Despite its lack of crossbridging the transglycosidase product 
was confirmed to be peptidoglycan by the demonstration of its susceptibility 
to lysozyme. Exposure to lysozyme resulted in complete digestion of the 
peptidoglycan into two compounds, disaccharide-peptide and tetrasaccharide- 
peptide. The complete sensitivity of in vitro synthesized peptidoglycan 
as opposed to 50 percent susceptibility of native cell wall peptidoglycan 
demonstrates an important structural difference between the two (Johnson 


and Campbell, 1972). Lysozyme resistance in native cell wall peptidoglycan 


is related to the extent of crossbridging and also to 0 acetyl substitution 
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of muramic acid residues. In vitro synthesized peptidoglycan was not 
crossbridged and, since 0 acetylation is an energy requiring process, 
also not 0 acetylated. This could explain the increased susceptibility 
to lysozyme of this material. The peptidoglycan of M. sodonensis has 
been suggested to consist of two intertwined networks, one lysozyme 
soluble and one lysozyme insoluble. In vitro synthesized peptidoglycan 
could alternatively be representative only of the lysozyme soluble 
network. 

Peptidoglycan produced in cell free systems from E. coli was 
crossbridged but could be completely digested by lysozyme to yield two 
products, disaccharide-peptide and tetrasccharide-peptide. When penicillin 
was incorporated into the synthetic system the peptidoglycan formed 
was uncrossbridged and highly soluble. Lysozyme digestion of this 
material resulted in only one product, disaccharide-peptide. The 
implication was that the tetrasaccharide-peptide product arose as a 
result of crossbridging (Izaki et al., 1968). The in vitro synthesized 
peptidoglycan of M. sodonensis was similar to the peptidoglycan produced 
upon exposure to penicillin in E. coli in that it was highly soluble and’ 
uncrossbridged. Lysozyme digestion however resulted in production of 
both disaccharide-peptide and tetrasaccharide peptide. In this case 
the production of the tetrasaccharide-peptide fragment could not be due 
to crossbridging since crossbridging does not take place. 

Solubility of in vitro synthesized peptidoglycan is indicative 
that the material is uncrossbridged. Insolubility, however does not 
necessarily imply that the peptidoglycan is crossbridged. Seventy two 


to 77 percent of in vitro synthesized peptidoglycan from M. sodonensis 
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was soluble. The degree of solubility of this peptidoglycan was however 
not affected by addition of inhibitory levels of cephaloridine which 
indicated that the insolubility of the remaining 23 to 28 percent of 

the material was not due to crossbridging. Insolubility was also not 

due to attachment to cell wall material since butanol extraction released 
the insoluble peptidoglycan into soluble form. Rather, insolubility 
was due to non-covalent association with the membrane fragments. 

Both the "soluble" and the suspended "insoluble" in vitro 
synthesized peptidoglycans Ware not homogeneous but consisted of two 
distinct peptidoglycan species of different sizes. Other than attachment 
to the membrane, peptidoglycan fragments from "insoluble" material 
were similar to those of the "soluble" fraction. The majority of the 
in vitro synthesized peptidoglycan, 66.4 percent, was a homogeneous small 
molecular weight glycan strand estimated to consist of about 20 
disaccharide-peptide units linked together. Most of this material was 
"soluble" but some was membrane bound. The remaining 33.6 percent of the 
peptidoglycan was large molecular weight material which was almost equally 
distributed between "soluble" and "insoluble" phases. This material 
had chain lengths varying from 70 disaccharide-peptide units to greater 
than 150 disaccharide-peptide units. 

Peptidoglycan biosynthesis in vivo results in formation of a 
large insoluble network of crossbridged glycan strands, predominantly 
of small molecular weight. Such small molecular weight material may 
normally be incorporated into the cell wall during in vivo biosynthesis. 


Mirelman has studied peptidoglycan biosynthesis in M. luteus 
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(lysodeikticus) using a cell wall preparation capable of carrying out 
both transglycosidation and transpeptidation (Mirelman et al., 1972; 
Mirelman and Bracha, 1974). His work has suggested that most growth of 
the peptidoglycan network in vivo proceeds laterally. Complete strands 
of linear peptidoglycan are first synthesized on the membrane by a 
transglycosidase. The entire strands are then released from the membrane 
and attached to pre-existing peptidoglycan through crossbridge formation. 
Newly synthesized peptidoglycan incorporated longitudinally into cell 
wall material by transglycosidation accounts for only 30 percent of total 
incorporation. The theory of lateral cell wall growth has been further 
substantiated by Ward. Using a cell wall preparation from B. licheni- 
formis, he showed that newly Yh ohies strands of peptidoglycan were 
actually being incorporated into pre-existing cell walls by transpepti- 
dation rather than simply being crossbridged to other newly synthesized 
peptidoglycan strands. Furthermore, incorporation of this newly 
synthesized peptidoglycan into the cell wall was shown to be totally 
dependent on transpeptidation with transglycosidation playing no detectable 
part (Ward and Perkins, 1974; Ward, 1974). In a separate study of 
peptidoglycan biosynthesis in B. megaterium, membrane suspensions were 
found to synthesize large molecular weight peptidoglycan molecules which 
were crossbridged within themselves but which were not attached to pre- 
existing cell wall material (Schrader et al., 1974). If toluene-treated 
whole cells replaced the membrane suspensions, as a S6nbed of enzyme, 
then peptidoglycan was synthesized and also incorporated into pre-existing 


cell walls by transpeptidation (Schrader and Fan, 1974). 


tn 
- 
{ 
i 
fe 
‘ 
= 
.¥ 
4 s 
zi, 
wtp) ca ears 
~~ 
oy 
aes 
Ps 
t 
# 
—- ( 
sons 2 
; 
- 
2 
‘ — 
fis? i 
-_ -." 
; ; 7 
~ a 2 _ 
y - 
x 
ay 
a > 
i _—_ 


1 j iH 
5 ae) oo) Ay. & > Blac Fn, 


Wray Go? | ee iow sal - se fats 

ips | £ hi animes 2 us oninprguend: oa 
al eR ay Mla hte RAR oF apart “oey “a 
et. suey aL. = } = “ginal, “hit ‘tt 


a aeeow ABO sition sa Sefeimcteont 
sgl o qc west wt 


— Pee ees or : ee 3 f oe 
1 2) ie! co ee “Si ety wierd oth sone 


a 


5 ph i haeen oapheantess inte aia saber Gy 
sunvigee é ort (a bg The heal yee: : sateiet teas cont 


ue! seattle! “A me ylindabieuita moet 


& rs . Ss: ni f fl ‘ | 7 
rivigot') gan Ae aes pyie foe neuat Leeceiehaes 03) ad 
a ~- 


pe - i Bok: 1 , ae 


‘S34 evades? Deindiae sic “Blew satel 
oe = ol as Si (epPeataetg fis trbvaes Gt yore: 47 “whine nie 


ea >a ne Wen am! iin ‘lm Langa Bae | 2 aviylypbtayah was 


VOL “hap f waits ey obits: — anesgs “koa, ; 
F cr , ic a 
@ — 


-144- 


If this theory of lateral cell wall growth is correct, then 
transglycosidation proceeding in the absence of transpeptidation might 
be expected to result in a product consisting of linear strands of 
peptidoglycan of a relatively small size. The characteristics of the 
peptidoglycan produced in vitro by M. sodonensis would tend to support 
this theory. The majority of the in vitro synthesized material was a 
"soluble", uniform linear glycan molecule with a molecular weight of 
approximately 20,000 daltons. The large molecular weight peptidoglycan 
synthesized in vitro could represent an earlier intermediate form. 
Transglycosidase activity may initially result in formation of long 
glycan strands which are subsequently clipped into short uniform pieces 
(20 disaccharide-peptide units) by the controlled action of a muramidase. 
In vivo, these short strands would be incorporated into the cell wall by 
transpeptidation. In vitro, where transpeptidation does not take place, 
the peptidoglycan strands would be released free into the medium. 
Alternatively, the large molecular weight peptidoglycan synthesized in 
vitro may be due to the limited (30 percent) incorporation of newly 
synthesized peptidoglycan into pre-existing cell wall material by 
transglycosidation which was observed to occur in M. luteus. 

Measured hexosamine contents of the separated species of in 
vitro synthesized peptidoglycan showed that unlabelled peptidoglycan 
contaminated the preparations to a considerable extent. This material 
was presumably carried over in association with the membrane fragments. 
Unlabelled material makes up roughly one half of the "soluble" small 
molecular weight peptidoglycan, but more than 9/10 of the "soluble" 


large molecular weight peptidoglycan. The nature of the association 


ew 
A 
as 
Ss 
pp eis <8 
hae Ae 
7 
he 
aes oe 
; 
€ i, 
o 
ad ? 
vt! 
’ 
‘ “ 
~~? 
2 ie all 
i} 
» 
= he! i 
e he 


ne 1 
. vig Dihea 184 
i Va yon jee x 
5) a TG Core ha 
a a Pea 4533'S 
ASO, 3y 
nn DITAN | 
<a a i 
tr heat a - aiae ar —- : . 
ooh tel ree lene haie RG 
: : es psi sates pigos ote 
4 Ly a Ch gtey Gea ea “he gantaen 2 
Pie Wide - he See ical ely inside on coal 
4 thd, oo Seas iden Koinci Meba pail shiazet: 
ae ip a 
2 Lime beg ee Sone state sade eta | 
6.) Sob el Linh iigeraaens gered ety, ah seit 
: = 7H. p88 srisvcen Fak of Laer. abdtese ah 
; ‘ n 2 ; ; ; : , ' 
pattal is Sees es a i caeatil msegebon PS ts wha ia ) 
7) 3 (aetisiain aia soes. wed Sunken ofa a3: awe ~ os ‘aie 
ah y ey. ae 
* Le ise be” My hiwe ay gy - wink mi ecigih?: saa-7 banhasdaire, 
AIO oan om | }°.03 le teuwtoe 2iy a bd: yes sohbakor 
fe S ah od \ Sie a ie on seine 
Ee A Se Sahl @ Beings » aha) penal = ree TY 
| : a al OY 
SS =Tiray: Em) 1 aT © eae byey Wiese aay 
we? ino “eels » of enh ene ny ey ae sen bastions i 
7 cs : p* yas caf > » G4 Spear) Vaugs At chitowereg 72 aie 
ix ie Pee?! ai Pa, ithe hoes ks a > Poet Set bei toda lait 
ve” gis lo =) |? tml comet svc? esedlgubtyged atphew talenelos 
7 rd Fi y ; Z ; Si 
Seek Git Weinert? cee tygeh linge siigtoe aml node > eanee 
7 
7 ‘ i - 6 of } 
Ds a ef a i { x > ae : 


~145- 


between labelled and unlabelled material cannot easily be determined. 
They elute simultaneously upon gel filtration but this only assures that 
the labelled and unlabelled material is of the same size. Determining 
molecular weights of the separate peptidoglycan fragments by chromatography 
on a calibrated Sephadex G-200 column had the advantage, over the NaBH, 
technique, that purity of the peptidoglycan sample was of little impor- 
tance. Non-radioactive contaminants, including unlabelled peptidoglycan, 
could be ignored unless they affected the distribution coefficient of 
the labelled peptidoglycan species. In determining the size of the 
peptidoglycan species, a series of dextran standards of known molecular 
weights was used to calibrate the Sephadex G-200 column rather than the 
more common protein standards. Dextrans were presumed to more closely 
resemble the shape of peptidoglycan molecules than proteins would and 
since the distribution coefficient is affected by the shape of a molecule 
as well as by its molecular weight, dextran standards should give a more 
accurate calibration curve. Size estimation by gel filtration should 
be accurate providing the peptidoglycan species are not attached to 
protein or other non-peptidoglycan material which would make them appear 
larger. The estimated chain lengths of 20 disaccharide-peptide units for 
small peptidoglycan and 70 to 150 disaccharide-peptide units for large 
peptidoglycan are also based on the assumption that the molecules are 
single linear strands rather than a number of short strands crossbridged 
together. 

Reduction of peptidoglycan fragments with tritiated NaBH, asa 
means of determining chain length had the disadvantage of requiring large 


amounts of peptidoglycan. The longer strands of peptidoglycan, in particular, 
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required more material for analysis since each strand had only one 
reducing terminal. This method was also more sensitive to the presence 
of contaminating material in the peptidoglycan samples, as unlabelled 
peptidoglycan derivatives were measured together with labelled peptidog- 
lycan derivatives. Contaminating non-peptidoglycan hexosamine material 
will also interfere with the ratio of hexosamine residues per reducing 
group. This technique however had the advantage that it measured actual 
chain length rather than molecular size. The chain lengths estimated 
by the two methods correlated well. The large molecular weight peptidoglycan 
species was found to have an average chain length of 106.5 disaccharide- 
peptide units by the NaBH, reduction technique. This confirmed that the 
large size was due to long linear strands rather than several short 
strands joined together by crossbridging to form a large molecule. 
Pyrophosphatase activity was detected in the in vitro peptido- 
glycan synthesizing system from M. sodonensis when eaves Whe neake 
peptide was incubated with active membrane suspensions in the absence 
of UDP-GlcNAc. This control, intended to show that UDP-GlcNAc was 
essential for peptidoglycan biosynthesis, also showed that a second 
activity was present which could degrade ca Mee ae peat apni ides 
This new activity was referred to as a pyrophosphatase because carrier 
Lipid-P-P-MurNAc—!*c-pentapeptide rather than TIDE MacNAcoe tc pentencntide 
is its true substrate. UMP, an observed end product arises during the 
formation of the carrier lipid linked intermediate, just as it does in 
the transglycosidase system. A phosphodiesterase activity which degraded 
UDP-MurNAc—!*c-pentapeptide directly, would be expected to yield UDP 
rather than UMP as an end product. Pyrophosphatase activity is not 


expressed to any appreciable extent in a normal transglycosidase assay. 
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Since the main difference between the pyrophosphatase and the trans- 
glycosidase assay systems lies in the absence of UDP-GlcNAc from the 
former, UDP-GlcNAc appeared to be an inhibitor of pyrophosphatase 
activity. A closer examination of UDP-GlcNAc inhibition however indicated 
that UDP-GlcNAc inhibited pyrophosphatase activity only indirectly, by 
permitting transglycosidation to occur. In a transglycosidase assay 
system the levels of lipid linked intermediates normally stay low because 
they are constantly being removed to form peptidoglycan. Omitting 
UDP-GlcNAc from the transglycosidase assay system prevents peptidoglycan 
Synthesis, but HipNhe= 1 Gopeneemenesde can still be transferred from the 
nucleotide precursor to form the carrier lipid linked intermediate with 
the release of UMP. The pyrophosphatase appears to function as a 
scavenger enzyme, releasing unproductively bound MurNAc-pentapeptide 
when high levels of lipid linked-MurNAc-pentapeptide accumulate, as would 
happen during phases of the cell cycle in which cell wall growth was not 
taking place. Stationary—phase membrane suspensions prepared by the 
lysozyme-French press method could not synthesize peptidoglycan but could 
synthesize small amounts of carrier lipid intermediates. The detection 
of correspondingly low levels of pyrophosphatase activity was consistent 
with the proposal that the true substrate for pyrophosphatase is MurNAc- 
pentapeptide linked carrier lipid, an intermediate in transglycosidation. 
Several similar characteristics of transglycosidase and pyrophos- 
phatase activities, such as an unusually high pH optimum, and requirement 
for Me suggested that the two activities may be interdependent. 
Pyrophosphatase activity may be a normal component of the transglycosidase 


enzyme system which functions as a scavenger only when peptidoglycan 
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biosynthesis is prevented. The transglycosidase enzyme system could 
require a pyrophosphatase activity during the final stages of pepti- 
doglycan biosynthesis. Disaccharide-peptide subunits are linked to the 
carrier lipid by a pyrophosphate bond and this bond must be broken to 
allow attachment of the disaccharide-peptide to a growing peptidoglycan 
strand. Pyrophosphatase activity could again be required to free the 
completed linear peptidoglycan strand from the carrier lipid (Ward, 1973). 

Pyrophosphatase activity does differ markedly from transglyco- 
sidase activity in its relative insensitivity to high levels of ueou 
within the assay system. Since pyrophosphatase is proposed to be a 
component of the transglycosidase enzyme system, it follows that the Mead 
sensitive reaction must come after the pyrophosphatase step. The only 
major reaction taking place after cleavage of the lipid intermediates is 
the actual polymerization step in which the disaccharide-peptide units 
are joined together. Similarly pyrophosphatase is much less sensitive to 
high temperatures than transglycosidase activity, again suggesting that 
it is the final polymerization step which confers the overall sensitivity 
of transglycosidation to high temperature. The effect of incubation 
temperature on cell growth closely parallels the effect of temperature on 
transglycosidase activity indicating that cell wall growth may be involved 
in regulating overall cell growth. 

The inhibitory effect of UMP when added to the pyrophosphatase 
assay system indicated it to be the primary end product since both uridine 
and UDP had little or no effect. UDP-glucose had a moderately inhibitory 


effect but several possible explanations for this inhibition exist. 


UDP-glucose can replace UDP-GlcNAc in a normal transglycosidase assay 
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and permit synthesis of an incorrect "peptidoglycan" at about 10 percent 
of the maximum rate (Park and Chatterjee, 1966). This low level of 
synthesis may have the same effect as normal peptidoglycan biosynthesis 
and reduce the amount of lipid intermediate available for the pyro- 
phosphatase. A second possibility is that UDP-glucose may be a precursor 
of the glucose containing polysaccharides which are present in cell walls 
of M. sodonensis (Johnson, 1971). Synthesis of this extracellular material 
has been shown to require carrier lipids (Braatz and Heath, 1974). 
Peptidoglycan biosynthesis has been shown, to share a common pool of 
carrier lipid molecules with the synthetic systems for other extracellular 
sugar-containing polymers (Baddiley, 1972; Anderson et al., 1973). 
UDP-glucose could be inhibiting by forming glucose-linked carrier lipid 
and reducing the amount of carrier lipid available for reaction with 
ODESMUPNAG= Gepencapeptider 

The ability of pyrophosphatase to degrade BDE Maries O=penta- 
peptide through formation and cleavage of lipid intermediates may also 
explain why M. sodonensis will not accumulate the nucleotide precursor 
when exposed to penicillin or cephaloridine. Neither of these antibiotics 
affect the membrane-associated reactions of transglycosidation so the 
nucleotide precursor could be degraded to UMP and MaGENAGamie-pentapeptide 
and returned to the cell or excreted. The accumulation of nucleotide 
precursors under conditions of cation deprivation is consistent with this 
theory since pyrophosphatase activity also has an absolute requirement 
for Meo r 

Solubilization attempts on transglycosidase and pyrophosphatase 


activities were equally unsuccessful, again suggesting a possible relation- 


1 
x 
Z 
* + 
i 
F 
= re 
% 
" 
4 ms 
is 
2 
vs 
, zs 
a 4 39 7 
| 
‘ 
es i 
2 


oo Es sat Geel Peo H UN| Sees Riaz fh hi ey 8 WSR +. aupre oe ass he’ ay 


pot NG on Belg « %¢. @had dbed gery. sande vreau 


: - ? 
a 1} » A 
i . — 
' Pan ts 
‘ 


. Re: 4 Ya rie! 4 
} , Res ete. a vad oe 7. ee ey 
| | say eg a) tae 
(fang Lape! re 9 pas ‘hae Sree deseree 
oe fi ‘ ‘ M en : aa 


t 
y 
rt 
—-_ 
tont 
=> 
3 
te 


- Bd) “ ns . , ~ *o Ee 


. : by 49¢ bead i 
: L c 7 zs os hd ee 4 
; sofa ale ‘wae 
-hah SuGEH 4ehara wit ays’ 2 wneese need 
ay eas os Crt! aad, ne i uid . 
q : 4 ' ; ¥ . b= . : ra ; ssi ‘ 4 
afin. Aol apse As astemetp at? At me babe shoe bigt 
by ; g oy i 4) j 2 rpeaty re ae salad 
We sa ¢ Ral ae = ies aes a a 
q a ire j j tae : tae Ai ‘{ 4) . id tity eat - 
og siicliaee eyes sates: 46 “Fae +s ytstin' 8 
ie ain iyi quran” a Sai 
F on z ‘ P ice- ; “Se : A 
h Sh tee Gs, Salepetiarcey “a le 44 ae att 


+ 7 si ee a # ' i i 
ir old alease. [Fre gle make “ hd ad 
: 7 ; i ioe Bh cnt all 
mee é i iH) HS Vind oat og Livin &F suwtgqee Bt 
Coeet etc Wee ne ee ons ire oh eee’ al 


- 7; 


eee at cose v0 thal way } a9 ancien ‘ile 


eur hell has > ii ‘-. yond tides Soka i erasing 


2) een ~ : 4 


1 


of yt a - * og 
i = ha ’ ha oo. 
j hay ries “ s? ~ i sea Fes ri yf a =) ; 
: 7 = . ra a ’ 
r : r ‘fe 
: s et - > = x q ‘ i cy 


= u 


7 ‘ T i 


‘ s : ae = =)" 
e < . ac 
oF @ — i 3 ‘ i a 7 vi: 


=T50- 


ship between the two activities. Successful solubilization of the 
transglycosidase system would necessarily involve solubilization of 
several enzymes and carrier lipids in a spatial arrangement which 
maintains activity. Triton X-100 treatment gave the most extensive 
membrane solubilization of the three methods used. More than 50 percent 
of the membrane protein was solubilized, and approximately 20 percent 

of the original transglycosidase and pyrophosphatase activity was 
recovered in the supernatant. Butanol and LiCl extraction gave a more 
restricted solubilization of the membrane components and no evidence 

of transglycosidase or pyrophosphatase activity survived. 

When exponential-phase membrane suspensions were assayed for 
transglycosidase activity under standard assay conditions they appeared to 
produce significantly less peptidoglycan than stationary-phase membranes 
under the identical conditions. Since peptidoglycan biosynthesis occurs 
most rapidly during cell growth and division, exponential-phase membranes 
were expected to contain at least as much transglycosidase activity as 
stationary-phase membranes. This low level of peptidoglycan production 
was due to the presence of a second enzyme activity which degraded in 
vitro synthesized peptidoglycan. The product of this new activity of 
exponential-phase membranes was isolated, analysed and found to be free 

ic apenra peptide” containing glutamic acid, lysine and alanine in a molar 
ratio of 1.0: 0.96: 2,43. The product contained no soluble N-acetyl- 
hexosamines but did contain glycine in a molar ratio of 0.3. The penta- 
peptide product indicated the new activity to be an N-acetylmuramyl-L 


alanine amidase. 


The presence of glycine in the product indicated that some of 
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the peptides had arisen due to amidase attack on in vivo synthesized 
unlabelled peptidoglycan, since the NDR -MurNAe=) “Cenentapepetae used in 
the in vitro synthesis of peptidoglycan did not contain any glycine and 
no free glycine was present in the reaction mixture. Native cell wall 
peptidoglycan has glycine substituted on the free a carboxyl groups of 
glutamic acid in a mole for mole ratio. The presence of unlabelled 
peptides was also apparent from the decreased specific activity of the 
product peptide when compared to the original substrate. The drop in the 
molar ratio of alanine from 3.2 to 2.43 could also be explained if the 
unlabelled peptides derived from native peptidoglycan had only one C 
terminal D alanine residue rather than the D alanyl D alanine group 
present in in vitro synthesized peptidoglycan. The data suggest that 

the amidase product consists of a mixture of two peptides. Of the total 
316 nmoles of peptide, 226 nmoles were derived from in vitro synthesized 
peptidoglycan and had a structure of vie plea Lele alee'c ala, 
while 90 nmoles were derived from unlabelled in vivo synthesized peptido- 
glycan and had a structure of ala-glu(-gly)-lys-ala. 

Hexosamine assays of in vitro synthesized peptidoglycan fractions 
indicated the presence of large amounts of unlabelled peptidoglycan such 
that, overall, about 2/3 of the isolated peptidoglycan was not actually 
in vitro synthesized but came from unlabelled in vivo synthesized peptido- 
glycan carried over by the membrane fragments. The pentapeptide product 
of amidase activity was also contaminated by peptides derived from this 
unlabelled peptidoglycan. The composition of the pentapeptide product 
however indicated that less than 1/3 of the peptides came from this 


unlabelled in vivo synthesized peptidoglycan. The amidase apparently 
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degrades in vitro synthesized peptidoglycan preferentially over in vivo 
synthesized peptidoglycan. 

An amidase activity in membranes of M. sodonensis may have an 
important function in crossbridge formation. In this organism cross- 
bridging peptides are made up of substituent peptides linked together 
"head to tail". After transglycosidation has resulted in formation of 
linear glycan strands, the substituent peptides are postulated to be 
cleaved from their muramic acid pesiaues by an amidase. One or more 
transpeptidases then join the substituent peptides together to form the 
bridge peptide. Mirelman has recently reported evidence to suggest that 
the formation of D ala-L ala and D ala-L lys bonds in peptide crossbridges 
are both sensitive to penicillin but at quite different levels. This 
would tend to support the concept of two distinct transpeptidase enzymes 
(Mirelman and Bracha, 1974). The characteristics of the amidase activity 
detected in M. sodonensis seem consistent with a synthetic role in 
crossbridge formation. Amidase activity was maximal in a transglycosidase 
assay system where exponential-phase membranes served as the source of 
both amidase and transglycosidase enzymes and amidase degraded the 
peptidoglycan as it was synthesized by the transglycosidase system. 

When exponential-phase membrane suspensions were used as a source of 

amidase to degrade peptidoglycan which had been synthesized in vitro by 

a stationary-phase membrane transglycosidase system, less degradation 
occurred and less free pentapeptide was formed. This suggests two 

possible explanations. One is that exponential-phase membrane peptidoglycan 
may be more sensitive to amidase than stationary-phase membrane peptidoglycan. 


Alternatively, the amidase activity may be located near the site of trans- 
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glycosidation on the exponential-phase membranes, and be best able to 
attack the in vitro synthesized peptidoglycan as it is being formed. 

The substrate specificity of the amidase indicated that it could 
only attack peptidoglycan. UDP-MurNAc-pentapeptide could not serve as 
a substrate for amidase even though it contained the susceptible muramyl- 
L alanine linkage. MurNAc-pentapeptide was also not acceptable as a 
substrate which indicated that the nucleotide portion was not responsible 
for the inability to use UDP-MurNAc-pentapeptide. Lysozyme digestion of 
in vitro synthesized peptidoglycan yielded a mixture of disaccharide- 
peptide and tetrasaccharide-peptide fragments. These fragments contain 
both GlcNAc and MurNAc-pentapeptide and yet still could not be degraded 
by amidase. The small molecular weight species of in vitro synthesized 
peptidoglycan with an estimated chain length of 20 disaccharide-peptide 
units was however degraded. This suggested that the amidase has a 
specificity towards peptidoglycan chains with some minimum size, greater 
than 2 disaccharide-peptide units (tetrasaccharide-peptide) but smaller 
than 20 disaccharide-peptide units. 

Examination of exponential-phase cell wall preparations 
indicated that they were a good source of amidase activity. Based on 
protein content, exponential-phase cell walls had approximately the same 
amount of transglycosidase activity as exponential-phase membranes but 
about 12 times as much amidase activity. In this case amidase activity 
was measured as the ability of exponential-phase cell walls to degrade 
added in vitro synthesized peptidoglycan. The specific degradation of 
this endogenous peptidoglycan even though the cell wall itself contained 


high amounts of peptidoglycan again suggested that the amidase prefers 
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to degrade in vitro synthesized peptidoglycan rather than the cell wall 
material which surrounds it. The high degree of solubility of in vitro 
synthesized peptidoglycan may be responsible for its preferential degradation 
by making it more accessible to the amidase. This also implies that 
within the cell wall environment, the amidase is held in a position which 
makes its own cell wall peptidoglycan inaccessible. The lack of cross- 
bridging of the in vitro synthesized peptidoglycan may also contribute 

to its enhanced degradation. Im any case, this selective degradation 

of newly synthesized peptidoglycan is in contrast to the autolytic 
amidase activity of S. aureus. That amidase, both in vivo and in vitro, 
preferentially degrades old cell wall material (Gilpin et al., 1974). 

A wide range of microorganisms are known which contain membrane 
or cell wall bound amidases which are not directly involved in pepti- 
doglycan biosynthesis but rather are autolysins (Chan and Glaser, 1972; 
Tipper, 1969; Howard and Gooder, 1974). An examination of autolysis 
in exponential and stationary-phase whole cells of M. sodonensis indicated 
that the organism was very resistant to autolysis in all phases of growth. 
The amidase activity present in exponential-phase membrane and cell wall 
suspensions did not manifest itself as an autolysin in vivo. 

Transglycosidase activity seemed clearly to be a membrane- 
associated enzyme. Transglycosidase activity in cell wall preparations 
was related to the presence of membrane material. Amidase activity on 
the other hand was found in both membrane and cell wall preparations and 
may be located at the wall-membrane interface with a stronger tendency 
to associate with cell wall material. Alternatively, there may be two 


distinct amidase enzymes, one membrane bound and one cell wall bound. 
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Similarities and differences between the two forms of amidase were 
examined first by solubilizing the enzymes. Triton X-100 treatment and 
butanol extraction are most frequently used to release membrane-bound 
enzymes. Both techniques released the cell wall bound form of amidase 
as well or better than the membrane bound form. LiCl is more typically 
used for solubilizing a limited range of cell wall bound enzymes, most 
notably autolysins. This technique also solubilized both membrane and 
cell wall bound forms of amidase. No distinct differences between the 
two types of amidase as far as extent of solubilization was noted except 
that membrane amidases were generally less well solubilized and less total 
activity was recovered. Sephadex G-200 chromatography showed both forms 
of LiCl solubilized amidase to be very large in size, with a molecular 
weight in excess of 150,000 daltons. This may indicate that the amidases 
have not been completely solubilized, but remain active as part of a 
larger soluble complex. An N-acetylmuramyl-L alanine amidase isolated 
from Bacillus megaterium was found to have a molecular weight of 20,000. 
Diplococcus pneumoniae, however also produces an amidase which is made 
up of subunits each with a molecular weight of 20,000 to 50,000 daltons. 
The complete amidase has a molecular weight of 1-3 X 10° daltons (Chan 
and Glaser, 1972; Tomasz and Westphal, 1971). 

Membrane derived amidase, solubilized by butanol extraction, 
also eluted in the excluded volume from Sephadex G-200 indicating that 
the similarity in size of the two forms of amidase was not just a 
characteristic of the LiCl method of solubilization. Similarities also 
existed between the two forms of amidase, both soluble and bound, in 


their ability to degrade purified cell walls. The soluble forms of both 
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types of amidase were able to attack purified cell wall peptidoglycan 
as readily as they would attack in vitro synthesized peptidoglycan while 
the bound forms of both membrane and cell wall amidases were unable to 
attack purified cell walls. The ability of the soluble forms of amidase 
to degrade crossbridged cell wall peptidoglycan may represent a broadening 
of specificity of the amidases which takes place on solubilization, or 
alternatively, the soluble forms of the amidases may simply be better 
able to penetrate the large insoluble cell wall peptidoglycan molecules. 
The two forms of amidases, both soluble and bound, did differ 
in their abilities to degrade the various fractions of in vitro synthesized 
peptidoglycan indicating a possible difference between the two amidases. 
The majority of in vitro synthesized peptidoglycan is small molecular 
weight material with "soluble" small molecular weight material in 
particular making up greater than 50 percent of the total peptidoglycan. 
This material was only poorly degraded by cell wall amidase while membrane 
amidase was better able to attack it. An amidase functioning in cross- 
bridge formation would have to use this small molecular weight peptido- 
glycan in order to incorporate it into pre-existing cell walls. 
The cell wall and membrane forms of amidase may represent a 
single enzyme, but the differences in their enzymatic properties must 
then have been conferred upon them by their association with the cell 
wall or membrane. The membrane form of amidase preferred to attack 
peptidoglycan as it was synthesized in vitro by the transglycosidase 
system. It was also better able to Eeetee the small molecular weight 
material typical of in vitro synthesized peptidoglycan. This amidase may 


represent the crossbridge forming activity. Such a function would be 


le v oh, . ab ea 


oe = ? 


“i eee hier ye ne 


hil), @aeo Aa as Aa ‘Se vera waa 

! | Deak ig tee nee Mahi’ agra it : 
TER, OU, i. pit | rvs ue & sere om at <n et 

Pale. 


7) ie 


Ay ie 
4 mae 1 aa 
: wih t 
is ey pa nai aad F 
f = * fus¥s ; te eo o- 4 A * ‘ea ; 
re ot Y ‘et te tiene, : ’ 
: o rt fi oh ee ASS Ra are 
va or ou Baar : 2) Tide 2 Ve arn 
Ne eh St SN eae Pereen gee el 
ee : ah i i 
pw dee LE at ees _ af iiualcmilt nh natn 
ode ey erg ia eee: o even) at: un | 7) 
| nae en nye : 
; ha fg bia \ iT Uae Bea ety, y he Hee ties Ree a ‘ ‘ 3 ay 
Tae ch." a . My , rs " i i a <4 ee A ' 
: a : dn” : 2 ; ae) an 
as a Te. AOS | eee ote Tigh mh : ae , Pres alamte oA 
re i - , a5 9 ap? py y a ae . - 
gi. VD uel rye erie ay, ‘inwod one fogs 
465g AO etary a wat eae ‘phe, wy Lew “i 
Tse deg yan ne age ae. songs ae oe aout 
‘ ; : Pia . ' Fol way te 
ABATy, 61 ABET btw haar welan nh a rac 24 a7 
eae pe r = | ; At P 
<fS neccignh M4 Rowing. opphe gk ae em: phd tub aatoa,: 
‘aegis aa ad 
oe: meh Ty od 
- ‘ 7. Blgmi | wks ies? & ar . A DS Drs} _ pg tes ; owen: ety peseenean 
»! Me y } 4 
al ess | ; ; ae ua. 
: ‘ i { } ; * i ) 


= ie 


consistent with its presence in log-phase cells only, its preference for 
in vitro synthesized uncrosslinked peptidoglycan, and its lack of 
autolytic characteristics. Since transpeptidation did not take place 

in the cell free system used, the release of free pentapeptides may be 
the result of amidase activity proceeding in the absence of trans- 
peptidase activity. The substituent peptides, cleaved by the amidase, 
were found free in the medium rather than incorporated into bridge 
peptides. The cell wall bound form of amidase readily degraded exogenous 
peptidoglycan and appeared to prefer large molecular weight species of 
peptidoglycan. Within the cell wall the amidase is confined such that 
it cannot freely attack the surrounding cell wall peptidoglycan. It 
may represent an amidase which opens up pre-existing peptidoglycan to 
allow the insertion of new material. 

By controlling the proportion of these two types of amidase 
activity, the cell may be able to control the extent of crossbridging 
and influence the length of the bridge peptides in its cell wall. 

The examination of peptidoglycan biosynthesis as it occurs in 
cell free systems from M. sodonensis has proven both interesting and 
rewarding. The presence of two previously unreported enzymatic activities, 
a pyrophosphatase and a muramyl-L alanine amidase, makes this system 
ideal for further investigation of peptidoglycan biosynthesis. Investigatio: 
of the peptidoglycan produced in in vitro assay systems is usually restricte 
to an assessment of its degree of crosslinkage. This study has attempted 
to examine the physical characteristics of in vitro synthesized pepti- 
doglycan in more detail in order to compare it with the in vivo synthesized 


peptidoglycan of purified cell walls. Such an approach has helped to 
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elucidate the differences between the in vitro and in vivo synthetic 
systems. Control and regulation is one important area of peptidoglycan 
biosynthesis which is only beginning to be understood. Both the 
pyrophosphatase and amidase activities detected in this system have 
characteristics which indicate they may function in controlling pepti- 
doglycan biosynthesis. The amidase activity, especially, warrants a 
closer examination of the factors regulating its activity in vivo, and 

of its disappearance from the cells as they progress into the stationary- 


phase of growth. 
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